Computational model of a PEM fuel cell by Martinez Baca Velasco, Carlos & Martinez Baca Velasco, Carlos
Computational model of a PEM fuel cell 
Carlos Martmez Baca Velasco 
A Thesis submitted in fulfilment of the requirements for the degree of 
Doctor of Philosophy and the Diploma of Imperial College London 
Department of Mechanical Engineering 
Imperial College 
London, England 
November 2006 
COMPUTATIONAL MODEL OF A PEM FUEL 
CELL 
by Carlos Martmez Baca Velasco 
a thesis submitted in fulfilment of the requirements for the 
degree of 
Doctor of Philosophy and the Diploma of Imperial 
College London 
© 2006 
COMPUTATIONAL MODEL OF A PEM FUEL CELL 
by Carlos Martmez Baca Velasco 
Examination Committee Members: 
1. Dr. Anthony R. J. Kucernak 
2. Prof. John B. Young 
Abstract 
A comprehensive, three dimensional analysis of a Polymer Electrolyte Membrane (PEM) 
fuel cell has been developed to study the performance of this device under different op-
erational conditions. This steady-state analysis is single-phase and non-isothermal. A 
commercial Computational Fluid Dynamics (CFD) program provided a numerical plat-
form for solving the conservation equations for energy, mass and momentum. Different 
boundary conditions were added to a computational domain to simulate a 10 mm length 
channel of an ordinary PEM fuel cell. The given material properties and model dimen-
sions were partly taken from manufacturers and partly from other numerical models 
found in the literature. The electrochemistry involved in this model was added by a set 
of user-defined subroutines that feature: production of species due to chemical reac-
tions, electric and ionic charge, heat generation caused by the oxygen reduction reaction 
and water transport inside the polymer phase. The calculations were then solved by 
an iterative method following an adapted computational procedure. Parametric anal-
IV 
yses were carried out varying one parameter at a time with reference to a base case 
model. An additional Finite Element (FE) stress analysis was carried out to measure the 
stresses in the PEM due to hydration and temperature non-uniformities. The resulting 
differences in performance and behaviour were then discussed in a concluding chapter 
that recaps the reasoning and findings of the analyses. 
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1 Introduction 
1.1 Aims 
The aim of this thesis is to model a functional PEM fuel cell with a comprehensive 
numerical model. The overall goal is to gain understanding on how an ordinary PEM 
fuel cell would behave under different operational conditions. The principal objective 
though is to familiarize with parameters that could enhance the performance of a cell by 
analytical means. The tests carried out with the computational model presented in this 
thesis would hopefully provide a better understanding of how to improve some design 
parameters. The final target is to produce information suitable for input into a stress 
model. 
1.2 Outline 
Chapter 1 as an introduction explains the advantages and disadvantages of working 
with empirical models rather than experimental ones. It also points out this thesis goals 
and objectives and concludes with a literature review on previous PEM numerical and 
experimental models. Chapter 2 reviews basic theory on thermodynamics and electro-
chemistry, very much needed to understand the fuel cell numerical model. Chapter 3 
reviews each of the model's regions explaining their transport processes and their bound-
ary conditions. The electrochemistry included in the CFD code is explained by a set of 
sink and source terms inserted in to conservation equations. A step by step solution 
procedure explains the way the cell potential is calculated and how the resulting itera-
tive procedure could reach convergence. Chapter 4 is devoted to parametric analyses 
performed on a base case model. Results are displayed and in some cases validated with 
other published data. In addition to the CFD analyses chapter 5 presents a series of 
stress analyses on the model's PEM. Some of the data calculated by the CFD analyses 
is used as thermal and hydration loads to determine the strains and stresses in the 
PEM. Chapter 6 discusses the analyses performed in chapters 4 and 5 and concludes 
the thesis with suggestions for future work. 
1.3 Modelling fuel cells 
In order to enhance the reliability and durability of a product it is important to know 
how it behaves under different operational conditions. Numerical models predict the 
performance of products based on empirical equations derived from experimental data. 
Without doubt there is a growing interest amongst academic researchers to work with 
numerical models rather than physical experiments. It is often the case that modelling 
proves to be more cost effective than experiments, once reliable models emerge. It is 
also true that modelling is more flexible in the sense that it is normally easier to try out 
new designs in geometries and in operational conditions than to implement them with 
physical experiments. However, to whatever extent numerical models evolve they will 
always have to rely on physical assumptions and experimental data, which could not be 
validated otherwise. 
Currently fuel cell materials are expensive for most academic research budgets. In 
addition some of the dimensions of the fuel cells components are very small, which makes 
it difficult to perform in situ measurements and the conditions for easy experiments are 
usually not conclusive. Therefore numerical methods are considered excellent tools 
for fuel cell research in academia. These are cost effective and sometimes can lead 
to a better understanding of some of the transport phenomena inside a fuel cell. As 
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mentioned earlier, experimental data remain the foundation for most of these models 
and it is a combination of these two techniques that is leading the way to a better 
understanding on fuel cells in general. 
1.4 Literature review 
There is extensive literature available on numerical ways of modelling fuel cells. PEM 
fuel cells have been modelled for more than fifteen years. The first publications about 
PEM fuel cell numerical models date back to the early nineties. Although one dimen-
sional in nature some of these early analyses remain the basis for most of the more 
elaborated models to date. 
One of the most important papers from this time is the one published by Bernardi & 
Verbrugge (7). This makes a big emphasis on the electrochemistry and diffusive pro-
cesses inside the fuel cell's MEA. Not only their electrochemical model but also their 
experimental data has been referenced by many, e.g. (8) and (2). Some of their formu-
lae are used in this thesis as well, such as the Bruggerman correction for the diffusion 
of species in porous media and the binary diffusion calculation. Another excellent refer-
ence from this time was published by Springer et al. (74) which provides a great insight 
into the water transport process inside the MEA. Their approach is both numerical and 
experimental. They were the first to measure the water content of polymer electrolytes 
based on the relative humidity of the surrounding gas. Then they correlated it with 
the water content, temperature and the conductivity inside the membrane. Nowadays 
it is still the most common method to model water transport in PEM fuel cells (78). 
Even though these two publications refer to one-dimensional, single-phase and isother-
mal cases, these papers are probably the most cited references within the PEM fuel cell 
research community. 
In addition to these excellent numerical models other groups were more concerned in 
more specific issues of proton exchange membrane fuel cells. Ticianelli et al. (83) re-
ported optimum mass loadings of ionomer in in PEM fuel cell catalyst layers. Their 
article included a numerical model which introduced a way of calculating locally the cell 
potential, which is a method still widely used in today's numerical analyses. A couple 
of years after Ticianelli's article, Parthasarathy et al. (70) conducted some experiments 
in order to determine the correlation between the cell temperature and the exchange 
current density of the oxygen reduction reaction. Furthermore, they also conducted 
an experiment to determine a relation between the oxygen pressure and the cathode's 
exchange current density (69). 
Soon after, Fuller & Newman (30) came out with a model that could predict the per-
formance of the cell along a longitudinal channel by integrating the solution at various 
points down the channel. They used an elaborated way of calculating the diffusion 
of species known as "Stefan-Maxwell effective diffusion", still used by many people 
nowadays. Their contribution not only relied on this innovative quasi-two-dimensional 
model but it also pinpointed the effect of dehydration in the fuel cell's membrane due to 
the electroosmotic drag at high current densities. This phenomenon was also reported 
by Nguyen & White (66) just a couple of months after. Their model however was 
more elaborate as it included a phase-change calculation. Even though this was greatly 
simplified this paper deserves recognition for its visionary approach to the membrane 
hydration problem. Later Baschuk & Li (5) included a parameter in their model which 
measured the degree of flooding in the electrodes and catalyst layers. This parameter 
was fitted to match experimental results taken from the different available sources (44), 
(91) and (55). People who included liquid phase transport in their models constantly 
bring up this reference, e.g. You &/ Liu (97). After this Nguyen et al. (37) used in-
terdigitated gas distributors in their model to force the flow in and out of the fuel cell 
electrodes, intensifying the transport of the reactants and products. This allowed them 
to minimise the effect of flooding by quickly removing the entrapped water out of the 
porous media. Their paper was the first detailed multi-phase model ever to be pub-
lished. Lampimen & Fomino (53) then introduced entropy changes in to their model, 
some of their formulas have been used in the model presented in this thesis. 
It was late 1998 that the first two-dimensional fuel cell model emerged. Gurau et al. (33) 
used a special handling of the transport equations which enabled them to use the same 
numerical method for a unified computational domain. This domain included a polymer 
membrane, two catalyst layers, two gas diffusion electrodes and two gas channels. This 
in turn eliminated the need for prescribing arbitrary boundary conditions for the fuel cell 
interfaces. They were the first group to introduce a CFD code to model PEM fuel cells, 
ever since their model CFD has become the favourite and most common tool for fuel cell 
numerical analyses. Modellers soon became aware of the benefits of using CFD codes 
and books such as Pantakar (68), Ferziger & Peric (25) and more recently Versteeg 
& Malalasekera (88) became continuously cited by many fuel cell modellers because of 
their explicit finite volume method used in solving the conservation equations. Follow-
ing Gurau's approach Wang et al. (86) produced a two-dimensional, multi-phase model 
able to predict detailed reactant and product distribution inside the cell. Further, this 
model was also capable of doing transient simulations. 
As PEM fuel cell models were becoming more specific, modellers realize that one of the 
most complicated issues in their analyses was the transport of water in the ionomer. 
Zawodzinski et al. (99) experimented on several types of proton exchange membranes. 
They reported their water sorption characteristics, diffusion coefficient, electroosmotic 
drag and conductivites. Van Zee et al. (57) and Shimpalee et al. (58) conducted a 
thorough experiment regarding water transport in the membrane, this was then vali-
dated with a numerical model. Most of their conclusions coincide that the velocity of 
the water inside the membrane is too small and has little effect on the overall water 
mass flow rate. Later on Zawodzinski et al. (98) and more recently Kulikovsky (46) and 
Sui & Djilali (78) confirmed that the electroosmotic drag coefficient can be considered 
as constant for a wide range of membranes' water contents. This assumption was also 
adopted in the model presented in this thesis. 
The first three-dimensional PEM fuel cell model, presented by Dutta et al. (21) showed 
how to modify a commercial CFD code to include the necessary electrochemical pro-
cesses. This model emphasised the delicate balance of diffusion and electroosmosis 
and their effect on the current density distribution along the channel. This paper and 
following publications by Van Zee's group (22), (56) stressed the importance of the dif-
fusive and convective transport of reactants and products in the MEA and gas channels. 
These were the the first publications to present geometric changes in their analyses by 
changing the size of the feeding channels. 
This new approach derived in a better understanding of the overall geometry of the 
cell and gave way to numerous design analyses. Soon, some papers focused exclusively 
on how to optimise the dimensions of specific PEM fuel cell components such as gas 
channel aspect ratios, Gas Diffusion Layer (GDL) and PEM thicknesses, nafion content 
on catalyst layers and catalyst porosities. Hontanon et al. (38) reported the impact of 
water transport in the gas diffusion layers by varying the permeability and the size of 
the medium. Kumar & Reddy (48) analysed the effect of the transport of species in 
the GDL due to changes in channel aspect ratios. Sun et al. (79) made a similar study 
with a "trapezoidal" cross sectional channels. Fagley et al. (24) produced a thermal 
model of a PEM with special focus on the thermal conductivities. Vie & Kjelstrup (90) 
produced a similar thermal model with constant heat conductivities and validated their 
results with experiments (used in the model presented in this thesis). Guvelioglu i i 
Stenger (34) reported a design study on PEM fuel cell materials, varying the sizes of 
the channels, land areas (bipolar plate ribs), GDL thicknesses, conductivities and porosi-
ties. 
Up to date even the most sophisticated computer models refer to some of the early 
papers. These papers remain the foundation for almost every CFD model on PEM 
fuel cells. The model presented in this thesis has been strongly influenced by these 
papers and by some more recent references. Bang's (2) method of calculating catalytic 
reactions, is presented here in the computational procedure (section 3.9, chapter 3). 
This approach resembled those results obtained by Meng & Wang (63) in terms of 
overpotential distribution. Bang also implemented a "mixture rule", given by Mills (64) 
that can calculate effective binary diffusion coefficients easier than other more elaborate 
methods such as Stefan-Maxwell. He used this method in his PhD dissertation (2) two 
years ago and it is now used in the model presented in this thesis (see appendix A). 
Another big influence in this work was Berning's PhD dissertation (9) whose clear and 
concise explanations on modelling were most helpful on the understanding and devel-
opment of this thesis. His analyses gave guidance to some of the ones presented here. 
It has been said that PEM fuel cells can become prime candidates to replace internal 
combustion engines in tomorrow's automobile industry. However one of the biggest 
concerns is the durability of these systems. Up to date not many people have addressed 
the effect of ageing of PEMs in computational models. This is currently, to the au-
thor's opinion one of the most promising research areas in fuel cells in general. Fowler 
et al. (28) was probably the first model to include an ageing phenomenon of a PEM 
fuel cell into their calculations. They divided the failure modes of a fuel cell stack 
into the following categories; losses due to catalytic activity, losses due to conductivity 
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and losses due to mass transfer. Most of the PEM fuel cell experiments that concern 
the degradation of voltage as a function time have conducted life tests using contam-
inated fuel. Hards et al. (36) used 10 ppm carbon monoxide and reported a loss of 
~ 5 [ jV h~^ these results were later confirmed by a number of other articles including 
Nakayama (65), Isono et al. (42) and more recently by Cleghorn et al. (15). Later on 
researchers realised that not only chemical attack was detrimental to the fuel cell ma-
terials but also mecanical constraints were significant. Weber & Newman (95) wrote a 
S 
paper on contrained membranes and their effect on the polymer phase water transport. 
They concluded that when a membrane is constrained the water mass flow rate can be 
reduced by up to four times. Mechanical damage in a PEM does not only affect the 
transport processes in the membrane but it can also appear as flaws or delamination 
between the polymer membrane and gas diffusion layers. Kundu (49), Lai et al. (52) 
and Stanic & Hoberecht (76) have all reported similar failure modes in their thesis and 
articles. 
Martinez Baca & Travis (61) believe that there are two sources of strains inside the 
membrane, one caused by a temperature gradient and another one by the effects of 
hydration swelling. Inadequate humidificatiaion is detrimental to the membrane, as 
lack of water makes the membrane brittle and fragile, according to Collier et al. (16). 
11 
Thermal changes are important as well, considering that an ordinary PEM fuel cell pro-
duces a similar amount of waste heat to its electric power output, and tolerates small 
temperature change in terms of performance and durability. Wang et al. (39) made 
a comprehensive non-isothermal analysis of the temperature gradient in a PEM fuel 
cell. This article as well some other papers from Prof. Wang's group have strongly 
influenced the model presented in this thesis ((86), (93), (63)). 
PEMs can absorb up to 50 wt. % water and experience significant volumetric swelling (20). 
Uan-Zo-li (85) reported in her dissertation that the modulus of a saturated membrane 
decreased significantly as a result of plasticization. This was also produced by the ex-
periments performed on different membranes by Tang et al. (80) and Kim et al. (45). 
They concluded that both excess humidification and high temperatures decreased the 
modulus of the material. In a previous report Tang et al. (81) introduced a way of 
implementing hydration effects in a FE model, the analysis presented in chapter 5 is a 
continuation of their work implemented in a more elaborated CFD model. 
More recently Kusoglu et al. (51) conducted stress analyses on a hygro thermal cycle 
of a PEM fuel cell, from standard temperature conditions to operating conditions, and 
viceversa by setting equivalent thermal and hydration loads. They concluded that the 
yield strength of the material was almost always reached which is a similar conclusion 
12 
of the results presented in this thesis. 
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2 Fuel cells 
A fuel cell i s ^ a n electrochemical converter. It can be said that a fuel cell is a device 
that converts chemical energy into electrical power and ideally can continue to operate 
as long as it is fed with suitable fuels and oxidants and the reaction products are being 
removed. 
This chapter will describe different materials used in PEM fuel cells. It also includes a 
review of some basic fuel cell theory needed to understand the model presented in this 
thesis. 
2.1 Electrochemical power sources 
There are three significant types of power sources which produce electricity by reaction 
within electrochemical cells (see section 2.1.1). The two types which use reactants 
stored within them are called primary cells and secondary cells. Groups of primary or 
secondary cells are called batteries. The third type, fuel cells, employ reactants which 
14 
are continuously supplied to the cell; products are also continuously removed. 
Electrochemical power sources differ from others, such as thermal power plants because 
the energy conversion occurs without any intermediate steps. For example, in the case 
of thermal power plants, fuel is first converted into thermal energy and then into electric 
power via generators. In the case of electrochemical systems this multi-step process is 
achieved directly in only one step. As a consequence, electrochemical systems show 
some advantages, such as energy efficiency. Electrochemical reactions do not undergo 
any combustion processes and thus their efficiencies are not limited by Carnot's principle, 
they convert chemical energy to electrical energy essentially in an isothermal manner. 
2.1.1 Electrochemical cell 
An electrochemical cell is a setup used for creating an electromotive force (EMF) in an 
electrical conductor separating two chemical reactions. The current produced by the 
reactions release and accept electrons in to the different ends of the electrical conductor. 
There is a chemical reaction in each half cell undergoing either oxidation or reduction. 
In a full electrochemical cell, one side must be losing electrons (oxidation) the cathode, 
while the other half-cell gains electrons (reduction), the anode. A salt bridge, such as 
a polymer electrolyte membrane, is necessary to provide electrical contact between the 
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cells but without letting the solutions mix (96). 
Each reaction is undergoing an equilibrium reaction between different oxidation states 
of the ions; when equilibrium is reached the cell cannot provide further voltage. In the 
half-cell which is undergoing oxidation, the closer the equilibrium lies to the ion with the 
more positive oxidation state, the more potential this reaction will provide. Similarly, 
in the reduction reaction, the further the equilibrium lies from the ion with the more 
negative oxidation state, the higher the potential. This potential can be predicted 
quantitatively by measuring the difference in voltage between the electrode potentials, 
thereby predicting the cell potential. 
2.1.2 Electrode potential 
The electrochemical potential can be described as the work done in bringing one mole 
of an ion from a standard state to a specified concentration and electrical potential. In 
a full cell, the propensity of an electrically charged solute, such as a hydrogen ion, to 
move across the membrane is decided by the difference in its electrochemical potential 
on either side of the membrane, which arises from three facts: 
- The difference in the concentration of the hydrogen ions between the two sides 
of the membrane 
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- The charge of the hydrogen ion 
- The potential difference between the two sides of the membrane 
The hydrogen ion's electrochemical potential difference is zero at its reversible potential 
(that is, the voltage at which the hydrogen ion's net flow across the membrane is zero). 
This potential can be predicted theoretically by the Nernst equation (see section 2.3.3). 
2.2 Polymer electrolyte fuel cell materials 
PEM fuel cells can be divided into four main regions. Each of these regions have y / 
specific task in the system. In brief, the overall PEM fuel cell process begins when fuel 
and oxidants are pumped through the bipolar plates' (number 1 in Fig. 2.1) channels. 
The reactants travel through these channels and across the gas diffusers (number 2 in 
Fig. 2.1) where they spread througoutj^ief^porous and tortuous structure. Once they 
reach the catalyst layers (number 3 in Fig. 2.1), the reactants split into their elements or 
produce a new compound. At the anode (fuel side), a hydrogen oxidation reaction take 
place and on the cathode (air side) a oxygen reduction reaction ^ke place. The electric 
charge derived from the oxidation reaction travels through the anode gas diffuser, the 
anode bipolar plate, then through an external circuit and reaches the opposite side of 
the celiywhere it travels through the cathode bipolar plate, the cathode gas diffuser and 
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Figure 2.1: Schematic PEM fuel cell 
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finally reaches the cathode catalyst layer, v\/er^he oxygen reduction reaction^ak^place. 
The ionic charge derived from the oxidation reaction migrates from the anode catalyst 
layer to the cathode catalyst layer across a polymer electrolyte membrane (number 4 in 
Fig. 2.1). This section is devoted to introduce these materials and their properties. 
2.2.1 Polymer electrolyte fuel cell membranes 
By the end of the 19th century scientists recognised that solid materials could work 
as ionic conductors. With this discovery a rapid solid-state electrochemistry developed 
during the 20th century. At present thin-film solid electrolytes in the range of several 
nanometres to several microns have been fabricated successfully. The most important 
reason for the development of thin-film electrolytes is the reduction in the ionic re-
sistance. Polymer membranes have been endorsed as solid electrolytes for more than 
thirty years now, and the term polymer electrolyte could be applied to a broad fam-
ily of ion-conducting materials. Polymer-membrane ionomers, belong to this family. 
Hydrogen ion conductivity across a PEM is possible due to the presence of carboxylic 
or sulfonated acid groups with a "cation exchange counterion". The counterion dis-
sociates and eventually becomes mobile as the membrane swells (41). A PEM should 
have a good ionic conductivity and should be both mechanically and chemically stable 
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Figure 2.2: Chemical structure of Nafion 
within the operating conditions of the fuel cell. Further it should be impermeable to 
non-ionised molecules to avoid the crossover of reactants. Nafion, is a poly-electrolyte 
with an inert fluoro carbon backbone. This membrane has been associated with PEM 
fuel cells because of its commercial availability, stability and mechanical strength. It 
has become the most widely used and studied PEM. This sulfonated fluoro polymer 
membrane has a poiytetrafluoroethylene (PTFE) backbone. Side chains ending in sul-
fonic acid groups (—SOzH) are added to the PTFE backbone by a sulfonation process. 
The resulting macromolecule of Nafion, shown in Fig. 2.2, it is both hydrophobic and 
hydrophilic. 
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On the one hand the PTFE backbone is hydrophobic and thus tends to minimise its 
interaction with water. On the other hand the sulfonate head at the side chain is hy-
drophilic and thus has a strong affinity for water. It is generally agreed that a hydrated 
fluoro polymer membrane forms a two-phase system, one containing water and dissoci-
ated ions and another one made up by the polymer matrix. Since all sulfonated fluoro 
polymers have a hydrophobic backbone and hydro phi lie sulfonate head groups, it has 
been reported (94) that PEMs can be considered two-phase systems when hyd rated. 
When a REM is hyd rated proton ic groups are formed (hydrogen ions are often called 
protons). These groups have a high density of sulfonate heads associated in clusters. 
Webber & Newman (94) reported that there are also interfacial regions between the 
PTFE backbone and the sulfonate heads, where the density of sulfonate heads is lower. 
In this region, the hydrophilic sulfonate heads still attract water and dissociate but they 
are not able to cluster because of their lower density. However, these interfacial regions 
can be considered as collapsed channels that can be filled with water to form a liquid 
channel and even in their collapsed form they allow for conductivity (27). Membrane 
hydration is crucial for proton conductivity and these mechanisms show how good water 
conductors sulfonated fluoro polymers can be. However, this can become a problem in 
operation as it is not easy to control hydration. 
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PEMs are thin polymer membranes that range from 20 to 100 jim. Thin PEMs can 
allow transport of fuel through their structure. Thick PEMs would prevent this fuel 
"cross-over" but would increase ion transport resistance. A consideration of these two 
facts should give an appropriate thickness for any given PEM fuel cell system. Some 
commercially available PEMs like Dow, Gore, Flemion, Asa hi are well known trademarks 
of this developing industry. 
2.2.2 Polymer electrolyte fuel cell catalysts 
In a PEM fuel cell the hydrogen oxidation reaction is rapid compared with that for the 
oxygen reduction reaction. The hydrogen oxidation reaction is given by equation 2.1 
2J]r+ 4- 2e-- (2.1) 
The hydrogen oxidation mechanism over platinum in an acid electrolyte involves a slow 
dissociation of adsorbed hydrogen molecules to hydrogen atoms, followed by a fast 
electrochemical oxidation of the adsorbed hydrogen atoms to protons (89): 
H2 + 2MC —> 2{MC • -H) slow adsorption 
(2.2) 
2{MC • -H) 2MC + 2H'^ + 2e~ fast reaction 
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where " MC" denote a catalyst metal. 
The oxygen reduction reaction is given by equation 2.3 
—O2 + 2H'^ + 2e —> H2O (2.3) 
The exact reaction mechanism for oxygen reduction in acid is not entirely undestood, 
but it is believed to follow Eq. 2.4, according to Parthasarathy et al. (69): 
02 + MC —> (MC • 02) fast adsorption 
(M • -Oa) + H'^ + e" (MC • -O^H) rate — determining step (2-4) 
(M • -O^H) + + Se" —> 2H2O unknown fast steps 
Platinum and platinum alloys have been the electro-catalysts of choice for PEM fuel 
cells for performance reasons, as metals that are able to withstand the corrosive condi-
tions in acid electrolytes at the appropriate hydrogen potentials. Platinum is generally 
considered to be the most effective electro-catalyst among the stable noble metals, in-
cluding gold and silver (1). In the early days of PEM fuel cell development platinum 
catalyst was used at the rate of 280 g This high rate of usage led to the myth 
that platinum is a major factor in the cost of PEM fuel cells. At present the usage has 
been reduced to ~ 0.01 g despite increasing power (73) and it is no longer a PEM 
fuel cell's major cost. 
In PEM fuel cells, catalysts are often characterized by the surface area of platinum by 
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Figure 2.3: SEM picture of a PEM fuel cell gas diffuser (600x450 /im) 
mass of carbon support. The electrochemical half-cell reactions can only occur, where 
all the necessary reactants have access to the catalyst surface. This means that the 
carbon particles have to be mixed with some electrolyte material in order to ensure that 
the hydrogen protons can migrate towards the catalyst surface. 
Catalysts are normally printed either on the GDLs or on the PEMs surfaces forming very 
thin porous layers that range from 5 to 20 nm. Regardless of what the Catalyst Layer 
(CL) thickness is, the roughness of the catalyst layer surface increases the effective 
surface area up to hundreds of times the normal, length x width area. 
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2.2.3 Gas diffusers 
In a PEM fuel cell carbon black-catalyst particles are sometimes brushed or printed on to 
the gas diffuser surface adding an average thickness of ~ 20 jim (84). The gas diffusers 
used in a PEM fuel cell are usually thin porous layers (150 - 500 ^m) that help diffuse 
the humid reactants and products through their wet-proofed pores to and from the 
electrode-electrolyte interface. Further, these gas diffusers work as electrical interfaces 
transporting electric charge through their solid matrix to and from the current collectors 
and catalyst layers. Carbon has long been the favourite material for fuel cell gas diffusers 
on account of its low cost and unique chemical and electrical properties. Carbon is a 
non-metallic material with a wide range of crystalline and amorphous structures. Its 
structures (other than diamond) show overlap of valence and conduction bands, giving 
the properties of a metallic conductor (71). Its physciochemical properties can be 
altered in a predictable manner during manufacturing. For example, heat treatment of 
soft carbons such as carbon fibre or carbon cloth increase their crystallite parameters 
and their porosity (1). Both of these materials, carbon fibre and carbon cloth, have 
long been used as PEM fuel cell gas diffusers. Fig. 2.3 is an SEM picture of a typical 
PEM fuel cell gas diffuser with a ~ 70 % porosity. 
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2.2.4 Polymer electrolyte fuel cell current collectors 
In a PEM fuel cell the anode-electrolyte-cathode assembly is thus one item, and is 
usually very thin ( ~ 500 /im). These Membrane Electrolyte Assemblies (MEAs) are 
connected in series, using current collectors, such a collection of fuel cells is commonly 
known as a fuel cell stack. The most common choice of cell interconnection is known 
as "bipolar plates". A schematic figure of a complete fuel cell is shown in Fig. 2.4, 
the current collectors or bipolar plates are the ones that clamp the MEA at the top 
and bottom of the fuel cell. These so-called bipolar plates, work not only as electric 
terminals but have additional roles in a PEM fuel cell. They separate the different cells 
in a fuel cell stack connecting anodes and cathodes. Their carved surface channels allow 
a medium for the reactants and products to be transported in and out of the fuel cell. 
Furthermore their designs can include cooling channels for temperature control. The 
cross sectional area of the channels is important, since in some cases a lot of gas has 
to be pumped through them, but on the other hand there has to be a good electrical 
connection between the bipolar plates and the electrodes (land area) to minimise contact 
resistance and ohmic losses. A consideration of the gains and losses in electric potential 
due to the size of the land and channel areas should provide an optimum ratio between 
these two dimensional parameters (22). Carbon is once again the favourite material for 
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Figure 2.4: Schematic single channel O2 fuel cell indicating a region suitable for modelling 
these multipurpose components. Graphite has been probably the most common bipolar 
plate material because of its low cost and availability and also because of its low weight, 
anti-corrosiveness, malleability and good thermal and electrical conduction properties. 
2.3 Fuel cell thermodynamics 
2.3.1 Hydrogen fuel cell principles 
Fuel cells, as well as any other full electrochemical cell, consist of two half cells, an 
anode and a cathode. In a fuel cell, the two half cells are separated by an electrolyte. 
The electrolyte determines the type and operating conditions of the fuel cell. There 
are different types of electrolytes for fuel cells, the most common materials being solid 
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oxide, phosphonc acid, molten carbonate and polymers. Depending upon their operat-
ing conditions some of these are heat tolerant, some others work only under humidity 
levels, some tolerate fuel poisoning, some others are more resistant to chemical attack, 
etc. ^ 
As mentioned earlier, in a full electrochemical cell a predictable potential difference 
exists between the two half cells. In PEM fuel cells the electrochemical activity takes 
place at the anode catalyst layer and cathode catalyst layer, a reduction reaction at 
the cathode and an oxidation reaction at the anode. On the one hand free electrons 
travel from the anode towards the cathode of the cell through an external circuit which 
might include a motor or a generator. On the other hand protons migrate from the 
anode towards the cathode across the PEM. The electrical voltage generated is usually 
small for practical applications 1 V, therefore fuel cells are usually stacked in series 
for practical applications. 
An electrolyte solution such as an acid electrolyte is a fluid that contains free hydrogen 
ions allowing protons to be transported within its structure, morphology or com-
position. In an acid electrolyte fuel cell, such as a PEM fuel cell, hydrogen is used as 
a fuel source and oxygen as an oxidant. At the anode electrode/electrolyte interface, 
^For further info see Appleby & Foulkes (1) 
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Figure 2.5; Schematic ffg, O2 fuel cell process H2O 
hydrogen ionises when it reaches the catalyst sites, splitting into electrons and protons. 
As mentioned earlier, the hydrogen oxidation reaction follows relation 2.5 and is here 
schematically represented in Fig. 2.5. 
H2 2H+ + 2e- (2.5) 
In the cathode a reduction reaction teakes place when the electrons coming from the 
external circuit meet the protons that have migrated across the electrolyte and the 
oxygen molecules that are being fed into the cathode, according to relation 2.6 
i 0 2 + 2H+ + 2e- -4 H'iO (2 6) 
The overall process, consumes reactants releasing electricity, water and because of the 
exothermic nature of the reaction, heat is also released by this process. 
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In a PEM fuel cell, energy is the driving force of the chemical reactions. The covalent 
bonds between the atoms and molecules have a certain amount of energy. If in a 
reaction these bonds are broken some heat is absorbed from the surroundings whereas 
if the reaction involves the formation of bonds then heat is released. If the total energy 
given out is greater than the energy absorbed, the reaction is called exothermic. In a 
PEM fuel cell the overall reaction given by Eq. 2.11 is exothermic. 
2.3.2 Gibbs free energy change 
A spontaneous reaction, such as the one that takes place in a PEM fuel cell, occurs 
when a reaction releases some sort of free energy (heat, in this case) and moves to a 
lower energy, a more thermodynamically stable, state. The Gibbs free energy equation 
combines enthalpy and entropy contributions, that provide means to describe the energy 
content and therefore means to evaluate the spontaneity of a reaction when that energy 
content changes. The energy content of a substance is defined by the Gibbs free energy, 
given by equation 2.7. 
G = H-TS (2.7) 
Where G is the Gibbs free energy, T the temperature, H the enhtalpy and S the entropy 
i/\ 
of the substace. 
L 
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This form of the chemical energy resembles a typical mechanical potential energy process 
in the way that it is the change in energy, and not the energy at any given point, that 
is most important. In a fuel cell the change in the specific Gibbs free energy, Ag, gives 
the energy released during the chemical reaction process in a "per mole" form. Thus, 
it can be said that the Gibbs free energy change of a chemical reaction is a measure of 
the reaction's maximum net work obtainable. 
Ag = Ah- TAs (2.8) 
If it is assumed that the process is reversible, then Ag would equal Ah because As would 
equal zero. From a thermodynamic point of view, the change of the specific enthalpy. 
Ah would give the total amount of energy released by the reaction at constant pressure. 
However, it is important to note that when the product of a chemical reaction is water 
one has to consider its phase as there is some ambiguity as of the true value of the heat 
of the reaction. The higher heating value (hhv) corresponds to the heat release when 
the product of the reaction with oxygen is liquid water, as assumed by equation 2.9 
H2 + ^02 ^ %0(Z); AH = -286 x 10^ J mole-^ (2.9) 
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The lower heating value {Ihv) corresponds to the heat release when the product is water 
vapour: 
i?2 ~l~ 2 ^ 2 —^  ^20{Q)', A i? = —242 X 10^ J mole ^ (2.10) 
The difference in enthalpy between the hhv and the Ihv is the heat required to vaporize 
the water (75). 
If, in a chemical reaction, the number of moles of gaseous reactants and products are 
equal then the As is effectively zero. However, in a hydrogen-oxygen fuel cell this is 
not so. 
H2 + -O2 —> H2O (2.11) 
Eq. 2.11 shows that the number of moles of reactants exceeds the number of moles of 
products hence the change in molar Gibbs free energy is reduced by an entropy change, 
according to Eq. 2.8. 
It is possible to calculate the specific entropy change. As, in a process that changes its 
temperature at constant pressure with equation 2.12 
= if ' (2.12) 
JTi 1 
Where Cp is an experimentally determined specific heat. The integral of t-ho rclat-iofrof' 
^ by the temperature will give As directly. However, similar to the enthalpy change. 
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a phase change within the temperature range complicates things when evaluating this 
integral. Associated with a phase change there is adsorption of latent heat and since this 
is taken in over an infinitesimal temperature range one might consider it as an infinite 
heat capacity over that range. However, this does not make this integral indeterminate, 
for the constancy of T during the phase change it is possible to write 
As, 
~ T I (2.13) 
and the integral term in equation 2.13 over a phase change is merely the latent heat, 
or more accurately, the enthalpy of transformation (10). 
/Ti T ±tr 
where I^t rH is the enthalpy of transformation and Ttr is the temperature at which it 
takes place. 
The Gibbs free energy change of a chemical reaction can be given by the difference 
in the chemical potential per mole of the reactants and products. The Gibbs free 
energy change of the overall reaction in a PEM fuel cell, given in equation 2.11, can be 
expressed by equation 2.15 
^ 9 = pHiO — (2.15) 
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where /x is the specific chemical potential. The chemical potential of any substance can 
be given by relation 2.16 
j l = } f + R T \ n ( ^ - ^ ^ (2.16) 
where pP is the chemical potential when P = P°. For a mixture of ideal gases it can 
be shown that for each component, i, the chemical potential is given by, 
fti = Pi + RT In (2.17) 
These expressions for chemical potential have the form of a reference or standard state 
chemical potential times RT times the logarithm of something related to pressure or 
concentration. For ideal solutions it has been found that, 
Jli = RT\n{ai) (2.18) 
Where the quantity, Gj in equation 2.18 is known as the activity of component i. Thus, 
for an ideal gas mixture, 
^ (2.19) 
The standard temperature and pressure conditions in this thesis are P = 1 atm and 
T = 298.15 K. The standard free energy of the reaction of the overall PEM fuel cell 
system, given in equation 2.15, replaced by their standard chemical potentials is given 
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Table 2.1: Basic hydrogen fuel cell reaction at various temperatures 
H2O Temperature [K] Ag [J mole~^] 
liquid 298.15 -237.2 
liquid 353.15 -228.2 
gas 353.15 -226.1 
gas 373.15 -225.2 
by equation 2.20 
JAJ?" = -- -- (2/20) 
Substituting equation 2.16 for each of the reactants and products, and equation 2.20 
into equation 2.15 yields 
A5 = A j ° ( 2 . 2 1 ) 
It is important to note that the Gibbs free energy change is not constant, but changes 
with temperature and the phase of the reactants and products. In hydrogen oxygen fuel 
cells, the product water can be in liquid phase or as water vapour. Table 2.1 shows Ag 
for the basic hydrogen fuel cell reaction 
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Figure 2.6: Open system of a hydrogen fuel cell 
2.3.3 Nernst Potential 
If the system in Fig. 2.6 is considered isothermal then the energy balance according to 
the first law of thermodynamics is given by 
+ ^02^02 ~ '^H20hH20 + Q — W — 0 (2.22) 
Where h refers to molar flow of amounts reacting in the cell, given in [mol s~^], h refers 
to the specific molar enthalpy given in [J rnoZ"^], Q and W refer to the rate of heat 
transferred and the rate of work done by the system, respectively, given in W. This is 
only true for reactants supplied in stoichiometric proportions. 
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Dividing equation 2.22 by the moles of hydrogen (per mole of fuel notation) yields 
1 - - Q W 
^H2 + Q^02 — hjj^o + 1 :— = 0 (2.23) 
2 nH2 
or 
O W 
hin — hout + 1 :— — 0 (2.24) 
nH2 riH^ 
Assuming this is a reversible process, the second law of thermodynamics gives 
Q 
n^o 
= T{Sout-Sin) (2.25) 
The maximum work obtainable from a mole of hydrogen in a reversible process results 
from a combination between the first and second laws as indicated below 
— — hin — hout + T {Sout ~ Sin) (2.26) 
Mm 
which is itself the definition of the Gibbs free energy change, as noted in Eq. 2.27 
riH, 
— 9in Qout — ^9 (2.27) 
2 
In a fuel cell the reversible work is the electrical work involved in transporting the charge 
from the anode to the cathode at their respective reversible potentials, Keu.a. K-eu.c-
The reversible work per mole of hydrogen is equal to the number of electrons, n, times its 
electric charge (e = 1.6 x C) times Avogadro's number NA (6.02 x 10^ ® mol~^) 
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times the potential difference between the terminals. This is known as EMF or Erev in 
this thesis. 
W 
- = n&N^ {y^ rev,c ^rev,a) (2.28) 
Noting that 
equation 2.28 becomes 
r^ev,c ^rev,a — -E'reu (2.29) 
w 
= nFErev (2.30) 
nH2 
Where F refers to the Faraday's constant (96487 C mol~^), which is equal to Avo-
gadro's number times the electron charge. Combining Eq. 2.30 and Eq. 2.27 gives, 
Ap = -nFErev (2.31) 
The change in the free energy of the system can be measured under any set of condi-
tions. If the data is collected under standard-state conditions, the result is the standard-
state free energy of reaction. Assuming that both reactants and products are at Stan-
dard Temperature and Pressure (STP) conditions, then the standard Gibbs free energy 
change is given by 
^9To ~ ~'^^^rev,T° (2.32) 
38 
Superscripts "0" hold for STP conditions in Eq. 2.32. Combining Eq. 2.32 and Eq. 2.31 
with Eq. 2.21, yields the so-called Nernst potential 
_ — A^yo ^ RT ! dH^o 
K 
^ in j (2.33) 
QP ^ ~TZ 
(2.34) 
In Eq. 2.34, two electrons are being transported through an external circuit per molecule 
of hydrogen. With the Nernst equation it is possible to calculate theoretical potentials 
based on the composition of the inlet gas. The effect of temperature on the Gibbs free 
energy change is given by 
( ^ ) = (2-35) 
which gives 
4^"?% = -- 1^3*% (^ T - (Zo) (2.36) 
Substituting Eq. 2.35 and Eq. 2.34 into Eq. 2.8, gives the following relation 
« < . . T . + (T - T o ) - ^ In (2-37) 
Eq. 2.37 is approximate because it has been assumed to be constant in the inte-
gration, whereas it varies with T. Gottesfeld & Zawodzinski (32) reported the values 
in table 2.2 for water's enthalpy of formation and specific entropy. 
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Table 2.2: Values of hf and s for water at 303.15 K 
^ 2 0 hf [J mole 1] s [J mole 
liquid -285840 70 
gas -241830 187.57 
According to table 2.2 at 353 K the lower and higher heating value reversible PEM fuel 
cell potentials are ~ 1.18 and ~ 1 .24 V, respectively. 
2.3.4 Fuel cell overpotentials 
Nernst potential or reversible potential Ej-ev is the maximum voltage that a fuel cell 
can provide. Fuel cells are not 100 % efficient; in practice fuel cells have voltage losses, 
normally known as overpotentials. 
It can be proved that when the operating potential is equal to the reversible potential 
no current will flow through the cell. For any other value of the operating potential, 
the electrode reaction will no longer be at equilibrium with the electrode potential and 
so electrolysis becomes thermodynamically viable. Whether or not any current flows 
will depend on the kinetics of the particular electrode reaction under investigation. 
^Electrolysis is a process that decomposes a chemical compound into its elements or produces 
a new compound by the action of an electrical current 
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Figure 2.7: Polarization curve 
When current is flowing the overpotential is the difference in the electrode potential 
between the reversible and operating potential. The overpotential represents the extra 
voltage needed (output voltage) to force the electrode reaction to proceed at a required 
rate (or its equivalent current density). All fuel cell potentials decrease under operation, 
the more current is drawn from the fuel cell the bigger its overpotentials. The operating 
potential can then be calculated as the reversible potential minus the sum of all the 
overpotentials 
^cell — (2.38) 
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The overpotentials in a fuel cell can be categorised as follows: 
- Activation overpotential 
- Ohmic overpotential 
- Concentration overpotential 
Fig. 2.7 shows how the reversible potential is diminished by the overpotentials, the non-
linear curve depicts a typical behaviour of an ordinary fuel cell and the line at the top 
represents the reversible potential. 
2.3.4.1 The Butler Volmer equation 
The current produced by a hydrogen fuel cell can be calculated with the Eq. 2.39 
This is the important Butler Volmer equation, which is fundamental to electrode kinet-
ics. The Butler Volmer equation is applied to each fuel cell electrode. It predicts how 
the observed current density, i, varies as a function of the activation overpotential, 
and the transfer coefficient, a. The value of a(0 < a < 1) reflects the sensitivity of the 
transition state of the drop in the electrical potential at the electrode. ^ If a is close 
^Transition state is the activated form of a molecule that has partly undergone a chemical 
reaction 
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to zero then the transition state resembles the reactants in its potential dependence 
whereas when it approaches unity the transition state behaves in a product-like manner. 
In fact a. is typically found ~ 0.5 suggesting that the transition state has intermediate 
behaviour. This value for the transfer coefficient is regularly used in numerical models 
((70), (23)), not only for PEM fuel cells but also for solid oxide and direct methanol 
fuel cells. It can be said that a is the proportion of the electrical energy applied that is 
harnessed in changing the rate of the reaction. 
Activation overpotentlal The most important data when using the Butler Volmer 
equation is the exchange current density, IQ. At an equilibrium potential there is no 
net current flowing through the electrode. However, this equilibrium is a dynamic one; 
that is, the electrode reaction proceeds at an equal rate in both directions resulting in a 
zero net reaction rate and a zero net current. The electrode reaction's io is the current 
density flowing equally in both directions in equilibrium. It is possible to calculate IQ 
with the Tafel's equation 2.40 
This is known as the activation overpotential It can be seen from Eq. 2.39 that 
Eq. 2.40 only holds true when i > ZQ. Tafel saw that for most values of a logarithmic 
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Figure 2.8: Tafel's plot 
0.001 
relationship prevails between the current density and the applied overpotential, and 
produced similar curves to that given in Fig. 2.8. From this figure one can estimate io 
r 
by the axis interception of the slope of the curve produced by the curent, calculated 
by the Butler Volmer equation, as illustrated in Fig. 2.8. Each reaction will have a 
different IQ, depending on the types of reactants, catalysts and the geometrical area of 
the elctrode (12). Figure 2.9 shows the cell voltage against current density, assuming 
losses due only to r]act, for three different values of Iq. 
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Figure 2.9: Polarization curve of a PEM fuel cell diminished by activation overpotential 
Ohmic overpotential The losses due to electrical resistance of the electrodes, and 
the resistance to the flow of ions in the electrolyte, are the simplest to understand and 
the easiest to model. The size of the voltage loss is simply proportional to the current 
according to the Ohm's law 
(2.41) 
where r is the resistance of the material. This voltage drop is represented in the polar-
ization curve (Fig. 2.7) by the linear middle region. This loss is particularly acute with 
high temperature fuel cells. The current collectors and the electrodes are electrically 
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conductive materials and hence have an intrinsic resistance. Thin electrodes improve 
the electrical conductivity. However very thin GDLs do not allow a good mass transport 
under the current collector ribs or "land areas". There is a compromise because an 
appropriate GDL thickness should provide good mass diffusion under the land areas and 
at the same time try to keep the ohmic losses as low as possible. 
Concentration overpotential The concentration of the reactants at the catalyst 
layers reduces gradually as the current density grows. At high current densities the 
concentration of the reactants is usually low. A large overpotential is therefore needed to 
drive the reaction further. Supplying reactants and products to and from the electrolyte 
surface through the porous electrodes causes changes in the partial pressures of the 
species from the nominal operating conditions due to diffusion and convection in the 
electrodes. This effect is called the concentration overpotential, r]con- This overpotential 
can be calculated with Eq. 2.42 
= (2.42) 
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Table 2.3: Efficiencies for hydrogen low temperature fuel cells 
T [K] Water state Erev ^max 
298 Liquid 1.23 0.83 
353 Liquid 1.18 0.8 
373 Vapour 1.17 0.79 
473 Vapour 1.14 0.77 
2.4 Fuel cell efficiency 
2.4.1 Maximum thermodynamic efficiency 
The maximum thermodynamic efficiency for any chemical reaction is equal to its change 
in Gibbs free energy divided by its enthalpy change 
Ag ^ TAs nF ^ , 
ema. - 1 ^ (2.43) 
The entropy change, As, might be positive when the total number of moles increases. 
This means that the maximum theoretical efficiency can be larger than 100 %. This 
comes from classical thermodynamic theory applied to fuel cells. Table 2.3 shows some 
typical efficiency values for low temperature hydrogen fuel cells. 
When the second law of thermodynamics states that not all the supplied heat in a heat 
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engine can be used to do work, the Carnot efficiency sets the limiting value on the 
fraction of the heat which can be so used. Fig. 2.10 compares the hydrogen fuel cell 
and Carnot's maximum thermodynamic efficiencies as a function of temperature. The 
efficiency of a Carnot cycle, ec can be calculated with Eq. 2.44 
.c = ^ (2.44) 
Tk X 
Carnot cycle consists of an adiabatic compression from T2 to an isothermal ex-
pansion (by placing the system in contact with a heat reservoir with temperature^). 
Then an Adiabatic expansion < ^ i and an isothermal compression (by placing 
Ic 
the system in contact with a heat reservoir with temperature Ts). 
From Fig. 2.10 it can be seen that the efficiency of a Carnot cycle increases with tem-
perature whereas the maximum thermodynamic efficiency of a hydrogen fuel cell tends 
to decrease. Although Fig. 2.10 and table 2.3 would suggest that lower temperatures 
are better for hydrogen fuel cells, the losses due to activation overpotential are nearly 
always less at higher temperatures. So, in practice, fuel cell voltages are usually higher 
at higher temperatures (54). 
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Figure 2.10: Carnot & Fuel cell maximum theoretical efficiency 
2.4.2 Voltage efficiency 
In practice the operational voltage, V, of a fuel cell is always lower than its reversible 
potential, Erev Hence, its voltage efficiency can be defined by Eq. 2.45 
ey = Ecell 
Erfiqi (2.45) 
2.4.3 Fuel efficiency 
In practice fuel cells are normally fed with higher stoichiometry ratios for both fuel and 
oxidant. Fuel and oxidant are both consumed by the reactions, hence their partial pres-
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sure will decline as the partial pressure of the reaction products increase. Referring to 
equation 2.37, one can see that if these partial pressures change, the value of the log-
arithmic term would increase, reducing the reversible voltage. PEM fuel cell electrodes 
have a porous structure (see Fig. 2.3) that lowers the diffusivity of the reactants and 
oxidants even further. Bulk flow helps drive the reactants and oxidants across the elec-
trodes at a faster rate. This efficiency can be measured by a fuel or oxidant utilisation 
coefficient defined by Eq. 2.46 
1 ^Jueloroxidant 
ey = (2.46) 
^Jueloroxidant 
Where I is the total current produced by the cell, Mjueioroxidant the molecular mass of 
the fuel or oxidant and rifueioroxidant the fuel or oxidant utilisation coefficient. The fuel 
or oxidant utilisation coefficient iifueioroxidant is defined as the fuel or oxidant reacted 
in the cell relative to the fuel or oxidant injected in to the system, (54). 
mass of fuel reacted in the cell . . 
'f^jueioroj.idant o/ fuel OT oxidaut input to the cell 
Note that this is the inverse of the stoichiometric ratio " . 
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2.4.4 Total efficiency 
The overall efficiency, e in a fuel cell can be calculated as the product of the efficiencies 
mentioned in the three previous sub-sections 
G ~ ^max (2.48) 
This is the same as the electric power output divided by the calorific value of the input 
system, as shown in Eq. 2.49 (referenced to the lower heating value, hihv). 
e = . (2.49) 
'^fuel ^Ihv 
2.5 Chapter closure 
Principal PEM fuel cell materials were explained stressing their special characteristics for 
fuel cell usage. It was mentioned how a PEM allows hydration and proton conduction 
through its chemical structure. It was also pointed out its thickness limitations. The 
GDL materials were also mentioned and explained. An SEM picture (Fig. 2.3) of a GDL 
showed its fibrous and porous structure. Different catalysts were reviewed and platinum 
proved to be an excellent choice for PEM fuel cells. The current collectors were also 
described. 
Some necessary fuel cell theory was given in section 2.3. The basic PEM fuel cell 
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reactions were reviewed and concepts like the Gibbs free energy and Nernst potential 
were briefly explained. An introduction to fuel cell overpotentials was given for each 
of the voltage losses in section 2.3.4 stressing the importance of the Butler Volmer 
equation describing the activation loss. Fuel cell efficiencies were also described at the 
end of this chapter. 
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3 A polymer electrolyte fuel cell model 
In chapter 2 (section 2.3.3) the importance of the activity of the reactants was stressed. 
This chapter emphasizes the transport processes of reactants and products, including 
charge and heat, inside a PEM fuel cell. An introductory section demonstrates how 
the diffusion of gases bears upon the model performance. The modelling equations are 
then described for each of the model regions. This is followed by an explanation of the 
electrochemical model and the causes of the voltage losses. 
This model utilizes the commercial software package Star-CD v3.24, which provides 
a platform for solving the three-dimensional conservation equations for mass, momen-
tum, energy and chemical species employing a finite volume discretization. Additional 
phenomenological equations tailored to account for processes specific to fuel cells were 
implemented, which required an extensive suite of user subroutines. Customized it-
erative procedures were also implemented to ensure effective coupling between the 
electrochemistry and the various transport processes. 
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The model presented in this thesis uses mass and species sources and source terms for 
the solution of the momentum and energy equations. This model uses three type of 
source terms. 
• Mass sources, i.e. fluid injection or withdrawal, to be used in the solution of the 
mass conservation equation, " Sp" 
I 
• Momentums sources, e.g. flow trough a porous medium (using a special procedure 
IT 
given in sections 3.4 and 3.5) 
• Heat sources, e.g. exothermic chemical reactions, " Sh 
3.1 Multi-component gas diffusion 
It has been pointed out that PEM fuel cells need two primary gases to produce electricity: 
hydrogen and oxygen. The former works as a fuel and the latter as an oxidant. It will 
later be shown in section 3.6 that polymer electrolyte membranes require a certain 
degree of hydration to operate efficiently. Because of this system requirement the 
inlet gases come with a certain level of hydration. Therefore the model shown in this 
thesis has been programmed to work with the two gas mixtures, hydrated hydrogen and 
hydrated air. 
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In this model, wherever there is a flow field, the transport of gas mixtures is solved by 
the mass (Eq. 3.1), momentum (Eq. 3.2) and energy (Eq. 3.3) conservation equations: 
d 
dxj (p '^j) — •Sp (3 1) 
{puj Ui Xij) — (3.2) 
where Sp is the mass source term, Xi are the cartesian coordinates (z=x,y,z), Ui the 
absolute fluid velocity component in direction Xi, %ij the viscous stress tensor compo-
nents, P the pressure and p the density. 
Heat transfer in Star-CD is implemented with equation 3.3. This is obtained by mul-
tiplying the species conservation equation (Eq. 3.10) for each species m of the fluid 
mixture by its heat of formation, Hm, and subtracting the resulting equations from 
equation 3.5. 
(p ht Uj fhtyj) ~ Q 'S/i ~ (3-3) 
Here Sm is the rate of production or consumption of species m due to a chemical 
reaction, fht,j is the diffusional thermal energy flux in the Xj direction, given in Eq. 3.8. 
The thermal enthalpy ht in Eq. 3.3 is defined by 
ht = —Cp^ ref Tref (3.4) 
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Where ^ is the mean constant-pressure specific heat at temperature T and Cp^ ref a 
reference specific heat at temperature T^e/. 
5 . dP dui {p h Uj + fh,j) — Uj— + X y — + Sh (3.5) 
In Eq. 3.5 Sh is a heat source term, is the diffusional energy flux in the Xj direction, 
given in Eq. 3.7. The static enthalpy h in Eq. 3.5 is defined by 
h = ht + Y^ YmHm (3.6) 
where ht is the thermal enthalpy, defined previously in Eq. 3.4, Ym is the mass fraction 
of species m and Hm is the heat of formation of species m. 
In equation 3.3 and equation 3.5 it is assumed that the diffusional energy fluxes 
and fht,j satisfy Fourier's law 
y fhtj = -k-^ 1" y i (3.8) 
where k is the thermal conductivity and T the temperature, Vm,j the diffusion velocity 
vector in the j direction and hm, ht^m are the static enthapy and thermal enthalpy, 
respectively, of species m 
The viscous stress tensor component is calculated as follows: 
+ 1 | ) "5 " (3 9) 
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where /x is the molecular viscosity, 5ij the Kronecker delta. 
Each species m of a fluid mixture, whose local concentration is expressed as a mass 
fraction is assumed to be governed by a species conservation equation of the form: 
{P "^3 + fm,j) ~ (3.10) 
where f m j is the diffusion a I mass flux and Sm the rate of mass production of species m. 
Similar to the heat fluxes the diffusional flux for mass are given by Pick's law (Eq. 3.11) 
QY 
fm,j = —Dm P (3.11) 
where Dm is the molecular diffusivity of species m. In multi-component gas mixtures 
the molecular diffusivity varies not only due to temperature and pressure but also due to 
the component concentrations. In a binary gas mixture with components m and n, such 
as hydrogen and water vapour, binary diffusion coefficients, -D„in- can be approximated 
by Eq. 3.12 according to Cussler (17): 
Dmn — Dmn,ref j (3.12) 
where Dmn,ref is the reference diffusion coefficient of the mixture at pressure P^e/ and 
temperature Tref- This approximation however, is limited to binary diffusion coefficients 
only. During operation, fuel cells vary their gas compositions due to chemical reactions. 
^Equations 3.1 to 3.11 were taken from Star-CD v3.24 methodology manual (14) 
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Therefore an effective diffusion coefficient is needed because of the changes in species 
concentrations. In a binary gas mixture, the effective diffusion coefficients can be easily 
calculated. This model operates with a binary gas mixture: hydrogen and water vapour, 
and a ternary gas mixture: oxygen, nitrogen and water vapour. In ternary systems, 
the calculation of diffusion coefficients can become very complex. Nevertheless PEM 
fuel cells operate at a range of temperatures and pressures which allow alternative 
approximation methods to these coefficients to be as accurate as the traditional and 
more elaborate models. Mills (64) suggested a relation based on a "mixture rule" that 
proves applicable to PEM fuel cell gas mixtures (2) given by equation 3.13 
Dm,mix = ~ (3.13) 
E -^n n 
n=l;n^m 
where Xm refers to the molar fraction of species m. Equation 3.13 calculates the 
effective diffusion coefficient, Dm,mix of species m in a mixture composed of several 
different components. For further insight into the validation and background of Mills's 
model please refer to appendix A. 
The reactants and products are assumed to behave as ideal gases, thereby the density 
p of the gas mixture is calculated by equation 3.14, from (14) 
(&14) 
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Figure 3.1: Hydrogen diffusion in water vapour, DH2,H20 at 1 bar 
where P is the pressure, R is the universal gas constant and the molecular weight 
of species m. 
3.1.1 Oxygen diffusion in humid air 
The limited diffusivity of the reactants in PEM fuel cells restrains the overall system 
efficiency. Hydrogen is the lightest material and features high diffusivity rates at the 
temperature range in which PEM fuel cells operate. Oxygen, is a heavier gas and 
possesses a lower difFusivity. Figure 3.1 shows a higher diffusivity for hydrogen in water 
vapour than for oxygen in air, illustrated in figure 3.2. it can be seen that the effective 
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Figure 3.2: Oxygen diffusion coefficient in humid air at 1 bar 
diffusivity of both gas mixtures: oxygen-air and hydrogen-water vapour increase as a 
function of temperature. Oxygen diffusion however varies as well depending on humidity 
levels, as shown in Fig. 3.2. Moreover effective oxygen transport is important to achieve 
high current densities, as will be shown later in the following chapter. 
The ternary gas mixture in which oxygen travels inside PEM fuel cells ^ normally carries 
a certain level of hydration. The concentration of water vapour in air changes the 
oxygen diffusivity in two ways. 
Due to the fact that the binary diffusion coefficient for oxygen into water vapour 
®It is assumed that air is composed of 79 % nitrogen and 21 % oxygen 
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is greater than that of oxygen into nitrogen, the diffusion coefficient for oxygen 
in a mixture containing increasing amounts of water vapour results in an increase 
in the effective mixture diffusion coefficient. 
• On the other hand the increased water vapour content in the mixture leads to 
a starvation of oxygen. As the temperature increases towards 373.15 K the 
mass fraction of oxygen and nitrogen decreases, if the total pressure is kept at 
1 bar. Therefore the overall effect on the oxygen diffusion potential decreases 
with increasing temperature. 
Oxygen diffusion potential, M02 is defined as the mass flux of oxygen dlvtded-by-i-
(64). Figure 3.3 shows how the oxygen concentration and the diffusion potential, 
become smaller as a function of temperature for two different humidity levels. 
Figure 3.3 shows that there is an optimum temperature for mass transport at any given 
humidity level. Figure 3.4 shows the maximum oxygen diffusion potential as a function 
of hydration. This plot shows an optimum mass flux with its corresponding optimum 
temperature at all humidity levels. PEM fuel cells normally operate with fully hyd rated 
air, 100 % R.H., and operate at ~ 353 K. Figure 3.4 shows that at this humidity 
level the optimum temperature lies ^ 300 K and at the operating temperature the 
optimum relative humidity should be ~ 10 % R.H.. Figure 3.3 demonstrates why 
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Figure 3.3: Oxygen diffusion potential in humid air at 1 bar 
oxygen transport in PEM fuel cells is so difficult to handle at the regular temperature 
range of operation. 
A high humidity level is expected where the reduction reaction takes place, due to water 
formation. It is then expected to have a relative humidity close to 100 % R.H. at high 
current density regions in the cathode catalyst layer, in which case the oxygen diffusion 
potential is far from its optimum value (see Fig. 3.4). 
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Figure 3.4: Optimum temperature for oxygen diffusing in air at 1 bar 
3.2 Computational domain 
Figure 3.5 shows the model's computational domain. It contains 26400 elements divided 
into four separate sets of ceils or subdomains. These subdomains are themselves divided 
into: channels, gas diffusion layers (GDLs), catalyst layers (CLs) and electrolyte as 
shown previously in chapter 2, figure 2.4. In this model the transport of electric and 
protonic charge and water in the electrolyte phase takes place in the subdomains on 
the right hand side of figure 3.5. There are three subdomains on the right hand side of 
figure 3.5. The bottom and top subdomains represent the anode's CL and GDL and the 
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cathode's CL and GDL, respectively. Electronic charge is modelled in these subdomains. 
The subdomain between these two subdomains is used to model protonic charge. It 
contains the anode and cathode CLs and a PEM. These subdomains have exactly the 
same number of elements, size and shape as those represented in the subdomain on the 
left hand side of figure 3.5. 
The rest of the transport processes are modelled in the left subdomain of figure 3.5. 
The channels are 12 mm long and have 0.25 mm^ cross sectional area. The membrane 
electrode assembly (MEA) comprises the GDL's, CL's and electrolyte. It is 10 mm 
long, 1 mm wide and 0.69 mm thick. The GDL, CL and electrolyte are 0.3, 0.02 and 
0.05 mm thick, respectively. 
From now on, the domain presented in figure 3.5 is represented scaled by different 
factors for illustration purposes. The whole geometry will be scaled 0.5 times in the 
Z-direction. The GDLs, CLs and PEMs have been scaled ten times in the Y-direction. 
From the total 26400 elements, 5300 are defined as boundaries. These boundaries are 
divided into four different types: symmetry, inlet, pressure and wall boundaries. The 
symmetry boundaries shown in figure 3.6(a) are used to simulate axially symmetric 
flows, represented by a single set of cells, where symmetry conditions apply to the 
surface containing the symmetry axis. The inlet velocity components were imposed 
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Figure 3.5: Computational domain 
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(a) Symmetry planes (b) Inlet boundaries 
(c) Pressure outlets (d) Walls w/fixed temperature or potential 
Figure 3.6: Domain boundaries. These figures have been scaled by a factor of 0.5 in the Z 
direction and the GDLs, CLs and PEMs have been scaled ten times in the Y-direction 
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normal to the inlet boundaries shown in figure 3.6(b), to give the required mass flux. 
The temperature prescribed at these boundaries was set as constant. It is assumed that 
the pressure is constant at the outlet boundaries, figure 3.6(c), so that the velocities 
at these cell faces are linked to the overall pressure difference. This effectively allows 
the magnitude and direction of the local flow to be calculated. At these boundaries 
the temperature is extrapolated from the solution domain interior. Some non-slip wall 
boundaries were deliberately defined on certain regions with the intention of setting a 
fixed temperature and a fixed electric potential, these are shown in figure 3.6(d). The 
usual no-slip prescriptions for velocity apply at these elements. Figure 3.6 shows that 
there are some non-defined boundary regions, these were set as 'non-slip', adiabatic, 
zero gradient walls. 
3.3 Transport processes in channels 
The transport of gaseous species in the fuel cell channels, represented in figure 3.7, 
is modelled with the following continuity equations for mass (Eq. 3.15), momentum 
(Eq. 3.16) and energy (Eq. 3.17) 
d {pUj) = Q (3.15) 
{p Uj Ui Xij) — _ (3.16) 
^ obi 
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Figure 3.7: Regions defined as channels 
d 
dx. (P ht Uj + fhtj) — q + 'C; ^ dxj ' dxj 
The species conservation equation in these regions is; 
(3.17) 
A 
dx^ (p Uj + fm,j) — 0 (3.18) 
The diffusive fluxes for mass, fm j , in equation 3.18 and heat conduction, i in 
equation 3.17 are given below in relations 3.19 and 3.20 for mass and heat; 
Ui = -Dti P 
dT fhtd ~~ ^ ht^TnP^m,i 
OXj ^ 
(3.19) 
(3.20) 
68 
where ^nd are the effective mass diffusion coefficient of species m and 
effective mixture heat conductivity, respectively. For gas mixtures, the thermal conduc-
tivity is calculated via the Mathur et al. (62) formula 
1 ^ -11 
'Y' 
2 vn=l / \TI=1 / 
(3.21) 
where kn is the thermal conductivity of component n. 
3.3.1 Boundary conditions in channels 
The inlet velocities were set as a function of the total current produced, I, the channel 
cross sectional area, Ach and the stoichiometric ratio ( . The stoichiometry ratio, is 
defined as 
mass of fuel or oxidant input to the cell 
mass of fuel reacted in the cell 
The total current is a variable dependent on the cell overpotentials and species con-
centrations that are prone to change during the iterative solution procedure. Therefore 
velocities are updated on an iterative basis, so that the stoichiometric ratios at the inlet 
boundaries are maintained. This is given in equation 3.23 
= Ccy A A (3-23) 
02,in Pc,in ^ch ^H2,in Pa,in -^ch 
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where Wc and Wa are the inlet velocities and Cc and Ca the stoichiometry ratios for 
cathode and anode, respectively. M02 and are the molar masses for oxygen and 
hydrogen, given in \kg The mass fractions of oxygen and hydrogen at the 
inlets are represented by lo2,m and and the densities for both gas mixtures, at 
the cathode and anode inlet boundaries are given by pc,in and pa,m. respectively. At the 
channel outlets, Neumann boundary conditions (zero concentration gradient normal 
to the outlet face) are prescribed for the normal velocities, temperature and species 
equations. 
where w is any transported parameter and j is the direction perpendicular to all bound-
aries. The pressures are prescribed at the outlets to match the desired operational 
pressure. The temperature at the surrounding walls of the channels is assumed to 
be constant. This represents the temperature at the bipolar plate walls. Hence the 
boundary condition for the energy equation, was set to a fixed temperature. 
3.4 Transport processes in gas diffusers 
The regions defined as gas diffusers are represented in figure 3.8. The transport of 
gaseous species takes place at the left subdomain in figure 3.8. The electric charge is 
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Figure 3.8: Regions defined as gas diffusers 
modelled at the subdomains at the right hand side of figure 3.8. The gas transport is 
modelled as gas transport in porous media. The porosity, SGDL, which is the fractional 
void volume of the porous material, affects the continuity equations in the following 
way: 
A (p s:gdl Uj) 
Uj = p,GDL jj, dxj 
— (P ht s g d l Uj +Jht,3) -
(3.25) 
(3.26) 
(3.27) 
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The mass, momentum and energy equations (Eq. 3.25 to Eq. 3.27) are reduced by 
the porosity factor SGDL- The momentum equation has been replaced by Darcy's law, 
Uj is the fluid velocity in the j direction and kp^aoL the hydraulic permeability of 
the gas mixture in the electrodes. The species equation is also modified as shown in 
equation 3.28 
(P ^ GDL ~ 0 (3.28) dXj 
The binary diffusion coefficients are corrected for the transport of gases in porous media 
by using the Bruggemann correction (18). The effective binary diffusion coefficients are 
defined by scaling the standard binary diffusion coefficients using the porosity e and 
tortuosity factor T according to 
= Y^mn (3.29) 
The effective diffusion coefficients, between the species and porous medium are assumed 
to follow the same scaling for appropriate reference values, (26). An alternative to the 
above correction that avoids the use of the tortuosity is the Bruggeman correction, (6) 
^mn ~ Drnn '^GDL (3.30) 
The Bruggeman exponent 7 is either used as a fitted parameter or is given the value of 
1.5 for GDL, (82) 
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The diffusive fluxes for mass (Eq. 3.31) and heat (Eq. 3.32) are also affected by porosity 
a y 
fmj — P (3.31) 
dT 
fhtj = ~^GDL (1 - £GDl) ^t,mP^m,j (3.32) 
OXj 
where has been corrected for gas transport in porous medium, via equa-
tions 3.30 and 3.13. The thermal conductivity this model is constant and 
equal to 0.5 W {mK)~^, as in Ju et al. (39). 
From figure 3.5 it can be seen that there is a separate subdomain for each of the GDLs 
in the model. Due to a boundary restriction of Star-CD, a second set of cells had to be 
created (Fig. 3.5 right) in order to simulate electric charge. 
Electric conduction is modelled with equation 3.33. It relates the flux of the current 
density to the gradient of the electric potential <^g-. In this conduction process the 
charge is accelerated by an electric field and an intrinsic resistance is provided by the 
conductive material 
^-f<'e-,GDL ^ = 0 (3.33) 
In equation 3.33 K^-^GDL is the electric conductivity of the GDL, which is constant and 
equal to 825 S m~^, as in Djilali (3). 
Vasileiadis (87) and Haberman (35), both handled electric conductivity with similar 
expressions in their fuel cell CFD models. 
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3.4.1 Boundary conditions in gas diffusion layers 
The prescribed boundary conditions for the species transport in these subdomains is a 
zero normal gradient for the x and z direction. No boundary condition was prescribed 
for the bipolar plate/GDL interface. Unlike some other non-isothermal PEM fuel cell 
models ((9) and (13)), this one does not include a heat exchanger in between the 
bipolar plates. It is assumed that the temperature of the bipolar plates is uniform, as 
in Dutta et al. (21). Thereby a fixed temperature is assumed at the land areas and 
an adiabatic condition for the x and z direction, leaving only an energy transfer to and 
from the gas phase. It is also assumed that the electric potential at this interface is 
fixed to a reference value, as explained in section 3.9. 
3.5 Transport processes in catalyst layers 
The catalyst layers were previously described in chapter 2 (section 2.2.2) and are repre-
sented now in figure 3.9. As already explained in the beginning of this chapter, different 
transport processes take place in different subdomains. A matching between these sub-
domains was programmed in order to link the four subdomains' transport processes. 
The modelling for heat and gaseous species takes place in left subdomain of figure 3.9. 
At the right hand side of figure 3.9, the electric charge is transported in the top and 
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Figure 3.9: Regions defined as catalyst layers 
bottom subdomains whereas the proton ic charge takes place in the middle subdomain. 
As expected these porous composite materials have a low porosity factor ECL, because 
of their three blended components. Their material properties permit the following trans-
port processes: 
Gas species transport through the pores 
- Water transport through the hydrophilic electrolyte regions and void paths 
- Heat conductivity through the solid matter 
- Proton conductivity through the electrolyte fraction 
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- Electric conductivity through the carbon black particles 
The electrochemical reactions in a PEM fuel cell occur at these thin layers. A pseudo-
homogeneous model of the catalyst layer has been adopted from (11). It has been 
then taken for granted that all materials and properties of the catalyst layer have been 
homogeneously dispersed throughout its whole extent. Therefore, general values can 
be prescribed for the entire catalyst region. 
The electric potential loss in the ionomer is related to the fact that an electric field 
is necessary in order to maintain the motion of the hydrogen protons through the 
membrane. This field is provided by the existence of a potential gradient across the 
cell, which is directed in the opposite direction from the outer field that gives the cell 
potential, and thus has to be subtracted. It can be shown that this loss obeys Ohm's 
law, (67): Hence, it can also be assumed that the transport of protons (Eq. 3.34) is 
driven by a conduction process similar to the electric conductivity in the GDL (Eq. 3.33). 
dxn \ dxi 
= Sh+ (3.34) 
^eff In equation 3.34 cr^+ is the effective proton conductivity, which is not constant (see 
section 3.6.3) and SH+ the source term for proton production. The proton conductivity 
is affected by the catalyst layer porosity, SCL- A similar correction to the Bruggerman 
relation is used to calculate the effective conductivity for protons in the electrolyte 
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fraction in the catalyst layers. According to Gasteiger(31), the tortuosity for a 25 
% electrolyte volume fraction (used in this model) in the catalyst layer is equal to a 
Bruggeman exponent of 2.5; then the effective proton conductivtiy can be calculated 
in a similar way to the electric conductivity in the GDL: 
c r j l = 0}j+ SQ\ (3.35) 
The calculation of the proton conductivity ajj+ is explained in section 3.6.3. 
The gas transport in the catalyst layers is modelled as transport in porous media. 
— (p ecL Uj) = Sp (3.36) 
(p ht ScL Uj + A t j ) = 'Wj HmSm (3.38) 
The species equation for gases in the catalyst layers is given by relation 3.39 
d {P SCL UjYjji + fTn,j) — (3.39) 
the heat conductivity, k ^ l is constant and equal to 0.82 (assumed), similar 
to that used by Vie & Kjelstrup (90). Note that only here in the catalyst layers the 
conservation equations for mass, species and energy have source terms e.g. Sp, Sm 
and Sh- The binary diffusivity coefficients for gases, in the catalyst layers are 
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calculated in a similar fashion as in the GDL (Eq. 3.31) using ECL instead. 
fm,j = P ^CL-Q^ (3.40) 
dT 
fht,j = ~^CL (1 - ^Cl) + X I KmP^m,j (3.41) 
The electric conductivity in the catalyst layers is modelled in the same way as in the 
GDL 
d ( d4>e-\ , , 
•K'e-,CL ) = ^e- (3-42) dxj y ' dxj 
where K^-^CL refer to the catalyst layer's electric conductivity, which is constant and 
equal to 250 S m~^, as in Bang's PhD dissertation thesis (2). 
3.5.1 Boundary conditions in catalyst layers 
The boundary conditions in these subdomains for the transported species is a prescribed 
zero flux for the z, x and y directions. Protons and electric charge adopt this condition 
at the separated subdomains where these scalars are transported. Adiabatic boundary 
conditions are applied at all boundaries of this domain, meaning that energy transfer 
takes place only to and from the gas phase. 
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Figure 3.10: Regions defined as PEMs 
3.6 Transport processes in the electrolyte 
The electrolyte in a PEM fuel cell is effectively a thin polymer membrane. The regions 
defined as PEMs in the model presented in this thesis are showed in figure 3.10. Its 
properties allow conduction of heat, protonic charge and water. Similar to the other 
regions defined above, the two subdomains in figure 3.10 are linked by an element 
matching subroutine. The subdomain at the left hand side of figure 3.10 behaves as a 
L 
solid slab were only heat can be transfered. The proton ic charge and water transport 
in the membrane takes place in the subdomain on the right hand side of figure 3.10. 
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These transport processes are inter-dependent and in order to obtain a proper fuel cell 
performance these processes must reach an equilibrium. 
In this model the water and charge transfer are treated in a separate set of elements. 
Due to a boundary condition limitation on Star-CD between porous and non-porous 
elements, these two processes were transported in a separate subdomain. Figure 3.10 
shows the two identical subdomains where the PEM transport processes take place. A 
matching between cell elements was programmed to link the information between these 
two cell sets. 
3.6.1 Water transport in the electrolyte 
Water plays an important role in the overall cell performance because polymer electrolyte 
membranes have to be h yd rated in order to improve their proton ic conductivity. Water 
distribution may hinder or enhance the fuel cell performance. On the one hand there 
is a risk of having excess water which will obstruct the transport of reactants to the 
catalyst sites. This happens due to the agglomeration of water in the porous medium. 
On the other hand de-humidification of the membrane may occur, reducing the proton ic 
conductivity. In extreme cases of complete drying of the membrane, local burn-out of the 
electrolyte may take place and hydration strain becomes an adverse effect threatening 
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the integrity of the material. 
The conservation equation for water in the electrolyte is given below in equation 3.43: 
d 
dxj = 0 (3.43) 
where /saOj is the diffusional flux of water inside the polymer phase (see section 3.6.4). 
It will later be shown how there are two driving forces that transport the water absorbed 
in the ionomer phase, diffusion (section 3.6.4) and electroosmotic drag (section 3.6.5). 
The water transport equation ensures water inside the electrolyte is conserved. The 
electroosmotic drag term does not appear in this region due to the assumption of a 
constant electroosmotic drag coefficient and electroneutrality inside the PEM. However, 
this does not mean that the electroosmotic drag has no effect on the water transport 
through the membrane. The electroosmotic drag term will enter into the water flux as 
a boundary condition at the two CL/PEM interfaces, that is, the total water flux should 
be equal to the electroosmotic drag and diffusive flux (92). 
3.6.2 Equilibrium water content 
Water transport not only changes the concentration of the reactants and products 
but it also alters the overall temperature distribution because the proton conductivity 
is a function of temperature and water content. Water is absorbed by the polymer 
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electrolyte from the surrounding gases at the catalyst layers when the equilibrium water 
content "A" of the membrane is smaller than that of the gas that surrounds it, and vice 
versa; the water in the polymer phase will give out water vapour when the membrane's 
A is higher than that of the gas phase of the surroundings. The water content, A, 
is defined as the ratio of the number of water molecules to the number of charged 
HSOz sites. Springer et al. (74) produced a relationship fitting a curve from some 
experimental data relating A and water vapour activity; this relationship is used in this 
model. Based on measurements made on Nafion 117 membranes, the relation for A is: 
A = 0.043 + 17.81 a -39.85 a<l (3.44) 
A = 14+1.4 ( a - 1 ) a > l (3.45) 
where the activity of water, a, is related to the partial pressure of water. 
Note that when A > 1, i.e. equation 3.45, the water vapour is in supersaturated 
conditions. This activity of water relates to the saturation pressure of water Pgat, 
according to: 
(3.46) 
soi 
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The saturation pressure of water Pgat is given by expression (3.47) as reported by 
Springer et al. (74) 
logio Psat= -2.1794 + 0.02953 T -9.1837 • 10"^ +1.4454 • 10"^ (3.47) 
Where T is given in °C and Pgat in atm. 
The single phase assumption for water transport in this model implies that water can 
exist in supersaturation in the gas phase or if condensed, liquid water exists as finely 
dispersed droplets as in a mist flow and produces negligible effects on the gas phase 
transport. That is, the water activity calculated based on water partial pressure is al-
lowed to be greater than unity, as in Springer et al. (74). It will be shown how the 
effect of water supersaturation on water absorption in the PEM is properly accounted 
for through Springer's empirical correlations. Phase change and GDL flooding, how-
ever, cannot be addressed by such a single-phase model and would require a two-phase 
formulation where liquid water transport and hydrophobicity effects in the gas diffusers 
can be fully accounted for (93). 
3.6.3 Proton conductivity 
The proton conductivity of the electrolyte is dependent upon water content (A) and 
temperature. Springer et al. (74) measured the proton conductivity of Nafion for a 
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range of water activities and temperatures with fully hydrated membranes. They found 
an activation energy value for these measurements. This activation energy was then 
assumed to apply for all values of A. They obtained the following curve fit for proton 
conductivity (TH+ as a function of A: 
(Xjj+ = (0.0043119 A -0.00326) • exp (3.48) 
The properties reported by Springer et al. (74) are used in the baseline calculations. 
The conservation equation for proton transport in the electrolyte phase is then given by 
equation 3.49 as a pure electrical conduction process. 
d 
-aH+-
d(f)H^ (3.49) 
Only partially saturated boundary conditions are assumed in order to avoid the so-called 
Schroeder paradox, that is the jump of water molecules between liquid water and vapour 
equilibrated states. ® Sone et al. (72) measured lower proton conductivities on heat 
treated Nafion 117 membranes. They found differences in the activation energy 1.1 
- 1.3 [kJ mol~^] for fully hyd rated membranes at different temperatures. It is clear 
that lambda would change due to the changes in water activities. They produced a 
series of polynomial relations for the membrane conductivities for various temperatures. 
^Schroeder's Paradox refers to an observed difference in the amount of water absorbed by a 
liquid-equilibrated membrane and a saturated vapour-equilibrated membrane, with both reservoirs 
at the same temperature and pressure. For further reading refer to: (94) 
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Figure 3.11: Proton conductivity as a function of the water activity 
Figures 3.11 and 3.12 compare Springer's conductivity relation with Sone's curve fits. 
Although not in complete agreement, the trends agree. The model in this thesis uses 
Springer's approach because it is easier to handle than some more elaborate models 
{e.g. (43) or (82)) and as demonstrated have good agreement with experimental re-
sults. Further there is an inclination among recent PEM fuel cell models to use this 
method, e.g. (78), (21), (66). Figure 3.11 shows how proton conductivity is affected 
by temperature, here the conductivity is plotted as a function of water activity. In 
figure 3.12 the proton conductivity is plotted as a function of A for 303 and 353 K. 
In this model the transport of the dissolved water in the polymer electrolyte phase is 
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Figure 3.12: Proton conductivity as a function of A 
driven by two mechanisms: diffusion and electroosmotic drag, these are described in 
the next two sections. 
3.6.4 Water diffusion coefficient 
The diffusion transport of the dissolved water in the membrane is related to its concen-
tration gradient by an ordinary diffusion process, i.e. Pick's law of diffusion 3.11. 
(3.50) 
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where is the diffusional flux of water inside the polymer phase and rj/aO.m 
its diffusion coefficient. Many have discussed different ways of calculating the water 
diffusion coefficient in the polymer phase. Zawodzinski et al. (99) provided 
an intra-diffusion coefficient of water measured in Nafion 117 membranes equilibrated 
over aqueous solutions. Springer et al. (74) suggested that this coefficient relates the 
water diffusion flux to a gradient in chemical potential. Fuller (30) used a relation based 
on Springer et al. measurements. Figure 3.13 compares the water diffusion coefficient 
for these different models at 353 K. In this thesis the diffusion coefficient for water in 
the electrolyte phase is given in by equation 3.51: 
rgzO.T,, = 1 X 10-^° ^2.8628. In - 1 63795^ 2 < A < 22 (3.51) 
This function is derived from measured data obtained by Zawodzisnki et al. (99). This 
continuous function holds true for a wide range of membrane water content, 2 < A < 
22. 
3.6.5 Electroosmotic drag 
The electroosmotic drag is associated with the protonic charge (30). It has been shown 
that the protonic charge in the membrane has a drag effect with water which is related 
to the polar structure of the water molecules (98). This "adherence effect" makes 
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Figure 3.13: Water diffusion coefficient as a function of A 
the water molecules stick to the protons that are moving from one charge site to an-
other, driving the water from the anode towards the cathode. The electroosmotic drag 
coefficient "na" is the number of water molecules carried per proton across the mem-
brane as electric current is passed under conditions of no water concentration gradient. 
Zawodzinski et al. (98) measured the electroosmotic drag coefficient for Nafion 117 
membranes over a range of water contents. Their data was in good agreement with 
that presented by Fuller and Newman (29). Zawodzinski et al. suggested that the 
drag coefficient is independent of water content over a wide range, 1.4 < A < 14 for 
water vapour equilibrated membranes, and that the drag coefficient is not significantly 
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dependent on details of the membrane microstructure. Their data indicates that, for 
membranes equilibrated with water vapour, the water drag coefficient is around one, 
rid ~ 1- coincides with the experiments and modelling carried out by Ku-
likowski (46). This suggests that , which is the form in which a proton exists in 
solution, is the only mobile species. Because this mechanism is strongly influenced by 
the protonic charge, its transport can be related to the local current density via equation 
3.52 
~ (3.52) 
where hH20drag the molar flow rate of water per unit cross sectional area in the poly-
mer phase, i is the local current density and F is Faraday's constant. 
It is assumed that electroneutrality prevails inside the PEM. That is, the proton con-
centration in the ionomer is assumed to be constant and equal to the concentration of 
the fixed sulfonic acid groups. Therefore the proton transport equation is conserved in 
the ionomer. Further due to the assumptions that the electroosmotic drag coefficient 
is constant and electroneutrality prevail in the ionomer, the electro-osmotic drag term 
will appear only where the local current density is variable (i.e. in the catalyst layers) 
as indicated by equation 3.52. However, as already mentioned, this does not mean that 
the electroosmotic drag has no effect on the water transport through PEM. The elec-
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troosmotic drag term will enter into the water flux as a boundary condition at the two 
CL/PEM interfaces, that is, the total water flux should be equal to the electroosmotic 
drag and diffusive flux (92). 
3.6.6 Water absorption/desorption 
The water absorption and desorption take place in the polymer phase inside the catalyst 
layers. Note that only a fraction of these regions is defined as a membrane phase 25 
%. As mentioned earlier in chapter 2 section 2.2.2, these porous layers have a void 
fraction, a fraction composed of platinum supported carbon black and a fraction of 
polymer electrolyte membrane. Reactants and products are transported through the 
void fraction, electricity through the carbon black and protons through the membrane 
fraction. 
The rate of water absorption/desorption, . of the ionomer phase, is based on the 
difference between the equilibrium water content of the membrane fraction of the CL, 
CH20,m, and the water content of the gas inside the void fraction of the CL, 
The water content can be calculated with equation 3.53 
Ch,o = (3.53) 
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where Pm,dry given in [kg m~^] and Mm,dry [kg mole~^] are the density and molecular 
mass of a dry membrane. The water content of both solid and gas phases are given in 
[mol m~^]. 
Relation 3.54 states that when the water content of the ionomer phase is larger than 
that of the surrounding gases, then water should desorb from the membrane. It also 
indicates that when the water content of the surrounding gas is greater than that of 
the membrane, then water will be absorbed by the ionomer. 
= "0 (C'waO.m - CH20,g) (3.54) 
where, is a proportionality constant set to 2.5 [/ s~^]. This value of ^ maintained 
the difference between the equilibrium concentration and the actual concentration to 
less than 0.1 % for all load cases. Higher or lower proportionality constants increase 
the concentration differences particularly at high current densities. The value of ijj will 
mostly show its effect under time dependent calculation (STP or freezing conditions), 
g ''t. 
Shimpalee et al. (56) reported values of —1.5 for start-up calculation^at 298 K 
semi-dry membranes. 
The absorbed and desorbed water, plus the contribution of the electroosmotic drag are 
accounted for via source terms in the catalyst layers, as shown in equation 3.55 
Sh^ O = + '^ H20draa (3.55) 
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Note that in any CFD code the source terms are given by fluxes per unit volume, in 
case of species the units are kg 
The conservation equations for water in the polymer phase in the catalyst layers are 
then given by equation 3.56: 
d 
= SH20 (3.56) 
3.6.7 Heat transfer in the electrolyte 
For heat transfer purposes, the membrane is considered a conducting solid. The con-
servation equation for energy in this region is given by equation 3.57 
~ ^h,mem (3.57) 
where Sh,mem is an energy source term and the effective heat conductivity of the 
membrane. Because Nafion membranes consist of a PTFE backbone, filled with water, 
the thermal conductivity of the membrane can be estimated. The thermal conductivities 
of both water and Nafion take similar values, 0.67 and 0.4 at 353 K (40). 
The thermal conductivity in this model is constant and equal to 0.64, the same as that 
given by Litster et al. (60). 
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3.7 Electrochemical reaction rate 
The local current densities, and ic, can be accurately predicted at each of the catalyst 
layers elements according to Bard & Faulkner (4). The correct implementation of the 
Butler-Volmer equation in the model gives the local current density at the cathode 
(Eq. 3.58) and anode (Eq. 3.59) catalyst layers. ^ 
ic — ^O.c Oa 
A a c F \ ( 4 (1 — CKc) F 
%c(,c j GXp I Vact^ c 
2aa F \ / 2(1 — aa) F 
6Xp ^ 11act,aJ 6Xp I f]act,a 
(3.58) 
(3.59) 
where io,c/a. Vact,c/a and cxc/a are the exchange current densities, the activation over-
potentials and the transfer coefficients, respectively, explained briefly in chapter 2, sec-
tion 2.3.4.1. Subscript a refers to the anode and subscript c to the cathode. The 
exponent on the molar fractions of the reactants in equation 3.58 and 3.59 are normally 
experimentally determined, in this thesis they are constant and equal to 1 for the oxy-
gen reduction reaction, same as in (46) and 0.5 for the hydrogen oxidation reaction, 
as in Bang's disseration (2). The two unknown variables in these equations are the 
concentration of the reactants and the activation overpotentials. The concentration of 
the reactants is solved by the conservation of species equation in the catalyst layers. 
?The Butler-Volmer equation was previously presented in chapter 2, section 2.3.4.1 
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equation 3.39. The activation overpotentials have a special solving procedure which is 
given below in section 3.9. 
The current density derived from the Butler-Volmer equations is given in A m~^, it 
comes from a source of electric charge given per unit volume. The statement starts 
with 
i = KJE (3.60) 
where i is the current density, K the electrical conductivity, measured in S m~^ and E 
is an electric field strength, measured in V m~^. The electric field strength is 
E = — ( 3 . 6 1 ) 
where (j) is the electric potential [V]. Substituting 3.61 into 3.60 gives, 
i = —KV(j) (3.62) 
Taking the divergence of equation 3.62 gives, 
- V • ( i f V(/)) = V • i = s (3.63) 
The source term s in equation 3.62 is measured in A m~^ and it is defined as the rate of 
^electric charge per unit volume. In the following sections this source term will appear in 
many of the conservation equations for mass, energy and species defined in this model. 
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Table 3.1: Source terms of the conservation equations 
Equation Anode CL Electrolyte Cathode CL 
Mass Sp,a - 3p,C 
Energy Sh,a ^h,mem ^h,c 
Oxygen - - SO2 
Hydrogen SH-X - -
Water vapour SH20,a - SH20,C 
T-
Potons 
K 
^H+,a - SH+,C 
Electrons ^e- - Sg-
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3.8 Source terms 
The source terms of the conservation equations of this model are listed in table 3.1 
The source terms for the mass conservation equation in the cathode and anode catalyst 
layers (Eq. 3.36) are given by equations 3.64 and 3.65 respectively 
( ^ ) + (3.64) 
(3-65) 
where tcL is the thickness of the catalyst layer, M02, and are the molar 
masses of oxygen, hydrogen and water, respectively given in [kg mol~^]. 
The terms where the current density is divided by the thickness of the catalyst layer in 
equations 3.64 and 3.65 refer to the rate of production of electric charge per unit volume, 
described previously in section 3.7. As noted in the Butler-Volmer equations 3.58 
and 3.59, the current density 'ic/a is a function of the concentration of the reactants, the 
activation overpotentials and the exchange current densities 'io,c/a- It was mentioned 
earlier in chapter 2 that the values of the exchange current density depend on the 
type of reactions, catalysts and the geometrical area of the electrode. It was also 
mentioned that this model assumes that the metal catalyst is uniformly sparsed in the 
catalyst layers, that is, the catalyst is uniformly distributed and positioned throughout 
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the catalyst layer. Furthermore it is also assumed that both electrodes have a constant 
surface roughness. Under these assumptions one can also assume that io is constant 
for each one of the reaction types. Therefore, only one value of io prevails in the region 
of the CL. 
In the model presented in this thesis the value of zq depends on the geometric dimensions 
of the electrode. Hence, the production of electric charge per unit volume is equal to 
the current density 'i', which was calculated based on the surface of the electrode, 
divided by the thickness of the catalyst layer 'tcL • 
The source terms for the oxygen and hydrogen conservation equation (Eq.3.39) in the 
cathode and anode catalyst layers are givety^uations 3.66 and 3.67, respectively 
/ ir 
= I - I F j 
= ( - w ) 
The conservation equation for water vapour in the catalyst layers (Eq.3.39) has the 
following source terms in the cathode (Eq. 3.68) and anode (Eq. 3.69) 
SH20,C = nH20drag,C + (3.68) 
SH20,a = ( 2 ^ ° ) ( t ^ ) (3 69) 
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The first term on the right hand side of equation 3.69 accounts for the "mass defect" 
due to the reactions. Note that the source terms on the species conservation equations 
do not inject or withdraw mass but instead adjust the concentration of species. The 
mass injection or withdrawal is taken into account by the mass conservation source 
terms (Eq. 3.64 and Eq. 3.65) 
The source terms of the proton conservation equation (Eq. 3.34), are defined as the rate 
of production of protonic charge per unit volume. This scalar is equal to the divergence 
of the current density, given by the current density divided by the thickness of the 
electrode on both, anode and cathode CLs, shown here in equations 3.70 and 3.71 
(3/rO) 
tCL 
SH+,a = (3.71) 
tCL 
Similarly, the rate of production of electric charge given in the electric conservation 
equation (Eq. 3.42) at the anode and cathode CLs, follow those of the protons 
Se-,c — , (3.72) 
tCL 
a,-,* = (3.73) 
tcL 
The heat sources in this model include the catalyst layers and the membrane. The heat 
source at the catalyst layers are referenced as equations 3.74 and 3.75 for the cathode 
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and anode, respectively. 
T(-As) 
Sh,C — 4 f 
,2 
a,,* == (s/rs) 
^H+ 
where As is the entropy change of the oxygen reduction reaction. The first term on the 
right hand side of equation 3.74 represents the energy loss due to entropy changes as 
well as irreversibilities with charge transfer, according to Lampimen and Fomino (53). 
The hydrogen oxidation reaction heat source is very small and its overall effect in the 
cell can be neglected (39). The heat source at the electrolyte is given by equation 3.76 
below, effectively an ohmic heating 
^h,rri ~ gff (3.76) 
where i is the local cell current, given in [^ 4 m~^]. The similar term in equations 3.74 
to 3.76 represents the ohmic heat produced by the resistance of the electrolyte to charge 
transport. 
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3.9 Computational Procedure 
3.9.1 Cell potential calculation 
The solution of numerical electrochemical models that derive from charge, mass transfer 
and electrochemical reactions are not always obvious. There have been several publi-
cations on this issue, Bernardi & Verbrugge (7) perhaps the most widely known, which 
couples charge and mass transfer to derive a solution. In previous PEM fuel cell models 
(Berning (9), Um et al. (86), Vasileiadis (87)) the catalytic activity was a function 
of the concentration of the reactants. This dependence assumes a constant activation 
overpotential in the CLs. This method makes the solution process significantly simpler 
to handle; by assuming a constant activation overpotential the average current density 
can be prescribed before the calculations. A spececific current density in the cell can 
be scaled with concentration to match a desired average value. 
Bang (2) reported a more detailed method with respect to the kinetics in the cata-
lyst layers. In his method the catalytic activity is a function of both concentrations 
and spatial variation of the overpotentials. The model presented in this thesis follows 
Bang's (2) cell potential calculation. 
The overpotentials are functions of the concentration of species and overpotentials at 
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Figure 3.14: Overpotential distribution 
their spatial locations. This model assumes a variable overpotential in the catalyst lay-
ers, simulating a changeable kinetic activity in these regions. This way to address the 
cell overpotentials does not allow the user to predict a given current density before the 
calculations. Instead this comes as part of the solution. 
The cell potential calculation mentioned in equation 2.38 in chapter 2 
^cell — Efgy YJT] (3.77) 
leads to the following relation 
^cell — Ej-ev Vact Vohm 
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(3.78) 
The overpotentials in equation 3.78 are functions of their spatial location. To be able 
to calculate them at any given location in the MEA it was nessessary to define voltage 
reference points. Following the normal convention the land area of the anode's GDL 
was arbitrarily fixed to a zero potential boundary condition. This implies that the 
absolute potential in the anode's electrode is negative because the electric charge is 
being transferred from the anode reaction sites to the anode's GDL/current collector 
interface. Then the cell potential is the one given at the cathode's GDL/current collector 
interface and the maximum potential values will be given in the cathode's CL, as shown 
in figure 3.14. The ohmic overpotential riohm is then calculated by the the absolute value 
of the spatial location of the protonic and electric overpotentials minus the absolute 
value of their respective reference potentials, as given in equation 3.79 
Vohm + (3.79) 
The protons generated in the anode CL travel towards the cathode CL. The overpotential 
values of this transport process will be positive in the anode because of its positive source 
term, and will become negative as they travel towards the cathode, because of 
its negative source term SH+,a (see equations 3.71 and 3.70). However, the calculations 
deal with absolute values and this implies that there will be an "assumed" floating zero 
potential reference value lying at one point between the anode and cathode CLs, see 
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Fig. 3.15. The position of this reference value becomes a function of the activity of the 
CLs. 
Figure 3.15 represents the overpotential distribution due to charge within the MEA. 
The overpotentials at each catalyst layer are updated on an iteration basis. As a result 
it is possible to determine a variable catalytic activity throughout the catalyst layers. 
By separating the losses at each of the CLs their activation overpotentials are given by 
equations 3.80 and 3.81. 
Vact,a — Vtot,a W^+,a| (3.80) 
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Vact,c — 11tot,c — \Ve-,c\ ~ \VH+,C\ (3.81) 
3.9.2 Solution algorithm 
The conservation equations given in this chapter are not solved by the Star-CD solver 
in their differential form, but by the finite volume method, which uses the integral form 
of the conservation equations as a starting point. The integration of the transport 
equations results in linearised equations. The computational domain is then divided 
into a finite number of control volumes. All variables are stored at the centroid of each 
cell. An interpolation method is used to express variable values at the control volume 
surface in terms of the nodal values. The iteration process is divided into two levels: an 
inner iteration to solve for the spatial coupling for each variable and an outer iteration 
to solve for the coupling between the variables. Therefore each variable is considered in 
sequence by setting all other variables as fixed. Then a discrete transport equation for 
that variable is formed for every control volume in the computational domain. These 
equations are then solved by a linear equation solver, which returns the updated values 
of the variable. This procedure is commonly known as SIMPLE. It is a very well known 
algorithm in CFD applications (88) and is the one used in this thesis. 
The code written by the author forms part of this algorithm. It begins with a given total 
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overpotential at the cathode catalyst layer. These values are then updated iteratively, 
depending on the concentration of the reactants. During this process several variables 
experience changes such as temperature, density, diffusion coefficients, scalar concen-
trations, proton conductivity, overpotentials, etc. All these changes are mainly caused 
by source terms of the scalar, energy and momentum equations. In this model, the an-
ode is much more flexible to work with, it responds faster to any changes in operation 
conditions than its cathode counterpart. This is due to the hydrogen's diffusivity and 
the anode's exchange current density. 
It is for this reason that it was decided that the anode would follow the cathode's 
electrochemical activity. That is, in every iteration the current density is first calcu-
lated and stored for the cathode side. Then, the anode's activation overpotential is 
modified in order to match the cathode's total current. The code loops through the 
anode catalyst layer a certain number of times per iteration in order to approximate 
the two total currents. If both anode and cathode currents still do not match after a 
certain number of loops the algorithm continues and iterates again. However the rate of 
change of both anode and cathode activation overpotentials must always be controlled 
as they are included in the exponential terms in Butler-Volmer equations 3.58 and 3.59 
and could easily lead to divergent solutions. The variables are controlled by ordinary 
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relaxation and under-reiaxation factors (a common programming practice). 
Once the total current has been calculated, whether or not if they are equal, the cell 
potential is calculated with an updated value of these overpotentials. The procedure 
continues until it reaches a converged solution, that is when the residuals of the flow 
variables lie below a maximum residual tolerance. The computations were preformed 
on a machine with a LINUX operating system with a 1.4 GHz processor and 512 MB 
of memory. To obtain a single solution, about four to eight thousand iterations were 
required and took from four to ten hours of CPU time (the latter corresponds to the 
very high and very low current densities). The flowchart diagram of the algorithm is 
shown in figure 3.16. 
3.10 Chapter closure 
The model specifications were all reviewed in this chapter. The importance of diffusion 
of gases in a humid medium was discussed and ranges of oxygen diffusion coefficients at 
optimum temperature and hydration levels were given in section 3.1.1. Mills' gas mixture 
rule was introduced. A diagram of the computational mesh was shown in figure 3.5 
and its boundaries in figure 3.6. The transport equations and boundary conditions 
of each of these regions was given in the following sections. Some special boundary 
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conditions were reviewed such as the inlet velocity boundaries and the CL and PEM 
interfaces. A thorough explanation of the processes occurring inside the polymer phase 
was given in section 3.6. It began with the equilibrium water content which determines 
the absorption/desorption from the polymer phase and continued with water diffusion 
and electroosmotic drag and their impact upon proton and water conductivity. Next the 
implementation of the Butler-Volmer equations followed by a review of the source terms 
used in the this model. This chapter finishes with an explanation of the computational 
procedure used in calculating the cell potential. 
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4 Polymer electrolyte fuel cell model analyses 
In this chapter the PEM fuel cell model presented in chapter 3 is tested under a range 
of operational conditions. Analyses are compared to a base case model; each case has 
different prescribed parameters. Only one parameter was changed at a time. The sen-
sitivity of the model is demonstrated with these parametric analyses. 
In this chapter some of the results are presented as contour plots. These are two-
dimensional planes mounted on a three-dimensional computational domain. The orig-
inal computational domain, shown previously in chapter 3, figure 3.5 is now scaled to 
different factors. It is a common practice to scale the diagrams to gain a better picture 
of the results. Due to its symmetry, the length of the channels and the thinness of 
the catalyst layers, the contour plots presented in this chapter have been mirrored and 
scaled by different factors for illustration purposes. 
One of the most common ways of comparing the performance of fuel cells is by plot-
ting the cell potential as a function of current; this graph is commonly known as a 
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Figure 4.1: Polarization curves for different models ii experiments 
polarization curve. As explained earlier in chapter 2, section 2.3.4 this graph shows the 
magnitude of the potential losses at a given current. Figure 4.1 shows a comparison 
between the base case results of an experimental case performed by Su et al. (77) and 
another PEM fuel cell model presented by Carnes & Djilali (13). 
4.1 Base case model 
The base case model presented in this section is the foundation of the analyses per-
formed in this thesis. It represents the closest attempt by the author to resemble a 
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functional PEM fuel cell. Its properties remain unchanged during analyses, except for 
the one parameter deliberately changed for the purpose of each study. 
The geometric parameters of the base case model are listed in table 4.1. The cross-
sectional area of the channels is a well known PEM fuel cell standard size, found in 
different publications such as Dutta et al. (21), (22), Lee et al. (56) among others. 
These dimensions allow ~ 2 bar pressure drop for a 1 m channel length at a current 
density of ~ 0.8 A cm~'^. In the model presented in this thesis the channels are 10 mm 
long: the pressure drop at this length becomes almost negligible. 
The MEA dimensions were assumed by the author; they derive from size similarities 
among many commercial MEAs. Normally, the thickness of commercial GDLs range 
from 1.5 to 5 mm, PEM thicknesses vary from 20 to 100 yum and on CLs the thickness 
can vary from 15 to 50 iim. The base case model MEA has a 3 mm GDL thickness 
and 50 and 20 fj,m thickness values for PEM and CL, respectively. The thicknesses of 
these materials were discussed briefly in chapter 2, sections 2.2.3, 2.2.1, 2.2.2 for GDLs, 
PEMs and CLs, respectively. Except for the porosity, the geometric parameters of the 
base case model do not vary, they remain unchanged for the following analyses. 
The operational conditions of the base case model, listed also in table 4.1, are typical 
of CFD models. The model is assumed to operate at 353 K at 1 atm. The air entering 
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Table 4.1: Base case geometric & operational parameters 
Parameter Value Unit 
Channel length 10 mm 
Channel height 0.5 mm 
Channel width 1 mm 
GDL thickness 0.3 mm 
GDL land area 10 mm^ 
CL thickness 20 ^m 
PEM thickness 50 fim 
Temperature 353 K 
Pressure 1 atm 
Hydrogen stoichiometry ratio 2 -
Hydrogen R.H. at inlet 100 % 
Air stoichiometry ratio 2 -
Air R.H. at inlet 100 % 
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Figure 4.2: Mass fractions of species at the cathode's inlet boundary assuming 100 %R.H. 
the channel has a 0.1507 mass fraction of oxygen and a 0.3534 mass fraction of water 
vapour for the base case. The hydrogen inlet mass fraction is 0.115. The calculation 
of the saturation pressure of water in air at the range of temperatures in which PEM 
fuel cells operate was given in equation 3.47 in chapter 3. If one assumes that dry air 
is composed of 79 % nitrogen and 21 % oxigen and knows the saturation pressure of 
water in air then one can calculate the inlet mass fractions of the species for any relative 
humidity, pressure and temperature; this is shown in figure 4.2. 
The porosity of the GDL is assumed to be 55 % but in reality the effective porosity 
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Table 4.2: Base case MEA parameters 
Parameter Symbol Value Unit 
GDL porosity SGDL 55 % 
GDL tortuosity iGDL 1.5 -
GDL heat conductivity 0.5 
GDL electric conductivity Kg-,GDL 825 Sm'^ 
CL porosity £CL 13 % 
CL tortuosity ICL 2.5 -
CL heat conductivity ^CL 0.82 W (mK)-^ 
CL electric conductivity Ke-,CL 250 S m~^ 
Pt mass loading per unit area of CL mlpt 0.6 mg cm~'^ 
Mass of Pt supported on carbon black mppt 20 % 
Nafion volume fraction in CL - 25 % 
PEM heat conductivity '^CL 0.64 W (mK)-^ 
Anode's transfer coefficient OLa 0.5 -
Cathode's transfer coefficient OLc 0.5 -
Anode's exchange current density ^0,a 8.0 xlQS A 
Cathode's exchange current density %0,c 4.0 xlO-8 A m~^ 
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Figure 4.3: CL porosity as a function of mlpt (Pt mass loading per unit area of CL) and 
mppt (Mass percentage of Pt supported on carbon black) for a 20 yLtm CL thick wi th 25 % 
of Nafion content 
decreases to ~ 45 % due to the "shadow" effect that the current collectors exert on 
the MEA's porous medium (21); this porosity is common to^^many manufacturers. 
The catalyst layer porosity is derived from a relation presented by Du et al. (19) and 
is determined as a function of Nafion and platinum content, as shown in figure 4.3. It 
is assumed that the mass percentage of platinum supported on carbon black and the 
mass loading of platinum per unit area of the CL are 20 % and 0.6 mg cm~^, respec-
tively. in this model that the same catalyst loading is used for both anode and cathode 
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CLs. Parthasarathy et al. (70) and Gileadi (23) agreed that the transfer coefficients in 
the electro kinetic parameters can be approximated to 0.5 for both anode and cathode 
reactions. The exchange current densities for both anode and cathode are assumed to 
be constants and equal to 8.0 xlO^ and 4.0 xlO"^ A m~'^, respectively, ^a i ^ i n mind 
that in the model presented in this thesis the catalyst layers are treated as homogenous 
porous media with a uniform catalyst distribution within the medium, explained earlier 
in section 3.8 chapter 3. These two parameters were used in Bernardi & Verbrugge's (7) 
PEM fuel cell model, were the same assumption was taken for granted. 
The heat conductivity of the GDL and PEM were taken from Ju et al. (39) and Litster 
et al. (60), respectively. The heat conductivity of the catalyst layer is assumed to be 
0.82 W (mKy^, it is similar to that used by Vie & Kjelstrup (90). The electric con-
ductivity of the GDL and CL are 825 and 250 S m~^, respectively, the same as those 
used in Bang's PhD dissertation (2). 
Figures 4.4 and 4.5 show contour planes used to illustrate the concentration of the 
reactants. Each plane includes the channel and GDL for both anode and cathode sides 
of the cell. The base case model oxygen and hydrogen concentrations are shown in 
these figures for two different potentials. Both gas mixtures are assume to have a 100 
%R.H. at 353 K and 1 atm at the inlet boundaries. The figures clearly show how, 
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at high current densities, the reactants are consumed faster than at lower current den-
sities. It is also clear that at these current densities the most affected reactant is the 
oxygen. In fact, at these power densities part of the model's MEA is depleted of oxygen 
specially in the regions under the current collectors, as shown in figure 4.5(a). This is 
partly due to a limited oxygen diffusivity and also due to the difficulty in removing the 
water produced by the oxygen reduction reaction. In the following analyses it will be 
demonstrated how oxygen diffusion plays a decisive role in limiting the current density 
of PEM fuel cells. 
On the other hand, it can be seen that on the anode side of the cell, the hydrogen 
concentration experiences little change. Hydrogen has a higher diffusivity than oxygen 
and this allows a better transport of the reactant even at high current densities and low 
porosities. In the model presented in this thesis hydrogen posed no depletion threat. 
In addition, the anode side of the cell rarely experiences flooding, therefore its porous 
medium is almost never blocked. It is normally the cathode side that is prone to flood 
because of its reaction producing H2O. All in all, the anode side of the cell was easier 
to implement in this fuel cell model. 
One important feature of the model presented in this thesis is the way the activation 
overpotential is calculated. As explained in section 3.9 in chapter 3, the overpotentials 
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of the cell are calculated as a function of the species concentration. 
The CCL alone, is represented in figures 4.6 and 4.7 and because it is only 20 / im 
thick it has been scaled by several factors in the Y direction. These figures illustrate 
the activation overpotential and the local current density distribution in this region. 
Figure 4.7(a) shows how at a low current density the activation overpotential is fairly 
uniform throughout the CCL. However, as the current density increases the concentra-
tion of the reactants decreases and this has a negative effect in the activation over-
potential distribution, as reflected in figure 4.7(b). The uniformity of the activation 
overpotential is no longer there, the maximum values of the activation overpotential 
tend to move towards the lower region of the CCL (close to the CCL/PEM interface) 
under the current collector ribs. The minimum values always stay on top of the CCL 
right below the cathode channel. 
These activation overpotential distributions have other effects in the cell. The Butler-
Volmer equations 3.58 and 3.59 given in chapter 3 described the relation between the 
activation overpotential and the local current density. Figure 4.7 shows how the local 
current density varies throughout the CCL. At a low potential the local current density 
is evenly distributed, as shown in figure 4.7(a). At high power densities however, the 
current distribution is totally uneven (figure 4.7(b)). The CCL becomes a region of 
120 
n act,c[V] 
^ 0.3698 
— 0.3696 
— 0.3694 
0.3692 
0.3690 
0.3688 
0.3686 
0.3684 
8.9x10 
8.8x10 
-1.0x10"' 
1.0x10 
.0x10 
0.0x10 
-5.0x10 
1.0x10 
.0x10 
6.0x10 
8.7x10 
.^0x10"°^ . 
(a) rjaci^e at 0.01 A an ^ and 0.8 \ 
act,c [V] 
8.8x10 
8.7x10 
1.0x10"' 
1.0x10 
8.9x10 
(b) i]afi,c at 0.77 A an ^ and I)..17 V 
Figure 4.6: Act ivat ion overpotential distr ibution across and along the nriodei's cathode catalyst 
layer for different potentials 
121 
i [A cm'^-2] 
0.0140 
0.0135 
0.0130 
0.01 
0.0120 
0.01 
0.01 
8.9x10 
8.8x10 
8j\10 
1.0x10^ 
.0x10^ 
1.0x10" 
i [A cm'^-2] 
™1 2.7046 
— 2.3239 
1.9433 
1^626 
1.181 
0.801 
0.4206 
8.9x10 
8.8x10 
8.7x10 
(a) Lc at 0.01 A cm ^ and 0.8 V 
1.0x10^ 
1.0x10"' 
(b) if at 0.77 A cm ^ and 0.37 V 
Figure 4.7: Local current density across and along the model's ci i thode catalyst layer for 
different potentials 
122 
contrasts. Near the CCL/PEM the current is ten times bigger than its immediate upper 
region. This means that only the very bottom layer of the CCL is powering the cell. At 
high current densities the overpotentials near the CCL/PEM interface are so big that 
almost 90 % of the whole power density generated in the cathode is produced at this 
very thin layer. 
Due to the importance of oxygen in the overall cell performance its concentration in 
the CCL is shown in figure 4.8. Note how under the regions of the current collector ribs 
the concentration of oxygen is reduced gradually as the current density increases. Once 
again, the same tendency of the current density and activation overpotential is reflected 
in these figures. At low current densities the availability of oxygen is good enough to 
fulfill the reactant requirements, figure 4.8(a). However, at high current densities the 
oxygen diffusivity becomes a problem, as it can not provide the rate needed to drive the 
reaction further. At this current densities, starvation regions are clearly present under 
the current collector ribs, figure 4.8(f). 
As explained earlier in section 3.9, chapter 3 the activation overpotential is a sum of 
other overpotentials of a different nature. The following figures show the distribution of 
these losses in the cell. Ohmic overpotentials: ionic and electronic, are always present 
and play active roles in the calculation of the activation overpotential. Due to the intrin-
123 
0.001 
0.0005 
0.001 0 
0.006 
0.002 " o^OOOiT g. 
-0 
(a) Y'Q.^ at 0.01 .4 an"^ and 0.8 V (b) Y()., at 0.05 A an ^ and 0.76 V 
0.001 
0.0005 
0.001 0 
0.012 
0.006 
0.001 
0.000 
0.002 
0.00* 
(c) Vby at 0.41 A an ^ and 0.57 V (d) Y().^ at 0.(>I A an ^ and 0.45 V 
0.03 
0.001 
0.000 
0.001 0 
0.001 
0.0005 
-0.001 0 
(e) Foo 3t 0.71 A an ^ and 0.41 I (f) Y'ch 0.77 A cm ^ and 0.37 V 
Figure 4.8: Oxygen concentration in the CCL at different current densities and potentials 
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sic electric resistance of the materials in the cell the losses of these two overpotentials 
become greater as the current density increases. 
Figure 4.9 shows the protonic overpotential distribution at two different current densi-
ties. The protonic overpotential, being the most severe out of the two ohmic overpo-
tentials in this model, is a function of the membrane water content and temperature. 
As mentioned earlier in section 3.6.5, chapter 3 the protonic and water distribution in 
the membrane are related by the electroosmotic drag effect. This relationship makes 
the water and proton distribution difficult to handle, this is why the model presented in 
this thesis uses a special procedure presented in section 3.9, chapter 3 for calculating 
this loss. This method requires a reference potential which is equal to 0 V and is lo-
cated in between the two CLs. However, this reference potential has a variable position, 
figure 4.9(a) shows how at a low current is hard to distinguish were the reference value 
lies. At this power density the ohmic losses are small and the highest values are located 
at the anode CL. Figure 4.9(b) shows how the reference value lies clearly in between the 
two CLs addopting a curved shape under the current collector ribs. The highest los^s 
at this power density are clearly located close to the cathode CL. In the computational 
procedure the negative losses are taken as absolute values, as explained in section 3.9, 
chapter 3 and shown in graph 3.15. 
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Figure 4.10; Electric overpotentiai in the GDLs at two different current densities and potentials 
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Figure 4.10 shows the distribution of the electric overpotentials in the GDL. Similar to 
the proton ic overpotential calculations, the procedure to calculate the electric overpo-
tential also uses reference voltages. In this case these reference potentials are immobile. 
As explained earlier in section 3.9, chapter 3, this model uses arbitrary reference poten-
tentials. These are set as boundary conditions at the interfaces between the GDLs and 
the current collector ribs. This condition is reflected in the shape of the contours of 
figure 4.10. The electric overpotential is highest at the region under the channels and 
closer to the inlet boundaries. Once again, it can be seen that the higher the current 
density the higher the overpotential. Note that the model presented in this thesis does 
not include the contact resistance losses mentioned in section 2.2.4, chapter 2, which 
would contribute to increase the size of the electric overpotential. 
4.2 GDL porosity analysis 
The base case model uses a porosity of 55 %. To illustrate how the PEM fuel cell's 
current density is affected by porosity, three different study cases were analysed. 
Figure 4.11 shows how the current density varies for three different porosities 40, 55 
and 70 %. It is evident that at low current densities the results are very similar for the 
three cases. As the current density increases, the need for oxygen becomes greater and 
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Figure 4.11: Polarization curves for different GDL porosities 
starvation zones begin to emerge from material limitations that can no longer provide 
sufficient air flow. Relation 3.30 in chapter 3 showed how the gas diffusion coefficients 
are affected by porosities. In addition to the resistance that the porosity imposes on the 
gas flow, the areas that the current collectors cover at the GDL surface (land areas), 
restrict the transport of the species even further. The gas transport at these regions 
is considerably reduced. A given 55 % porosity would diminish by up to 15 % under 
the land area due to the shadow effect caused by the current collectors on the GDLs. 
Figure 4.12 shows how the oxygen mass fraction between the region under the land area 
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Figure 4.12: Oxygen concentration measured along the model's cathode CL under the land 
area (ULA) and under the flow field (UFF) at Eceii = 0.6 V 
(ULA) and the region under the flow field (UFF) is reduced by up to 10 % even at this 
moderate potential. 
An interesting indicator for measuring the performance of PEM fuel cells, is the limiting 
current density. This is reached when oxygen can just manage to diffuse through the 
GDL to the catalyst sites to produce a certain current, it is the oxygen's limiting diffu-
sion range. At this point the fuel cell is unable to provide any greater current, because 
of the limited oxygen diffusivity. When the porosity is reduced, oxygen is the most 
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affected species of the fuel cell gas mixtures. Its diffusion coefficient is significantly 
reduced when the GDL porosity changes from 70 to 40 %. In fact, at high current 
densities, the performance is restricted almost solely by the oxygen diffusion. This is 
illustrated in figure 4.13 where the oxygen mass fraction at the CL is plotted against 
current densities for three different GDL porosities. This is also reflected in figure 4.11 
where it seems that the greater the porosity the greater the current. The 40 % porosity 
polarization curve can only reach a ^ 0.6 cm"^ maximum current density, whereas 
the 70 % porosity curve reaches up to ~ 1.0 A cm 
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Figure 4.14 shows how the current density distribution for these three different cases. 
The planes shown in figure 4.14 correspond to the CCL/PEM interface. The rectangles 
at the top and bottom of the figures represent the current collectors. It can be seen that 
the greater the porosity the more uniform the current density distribution is along the 
cell. Figure 4.14(a) for instance shows how with a 40 % porosity, oxygen is depleted at 
some regions under the current collectors. With a 70 % porosity however, the current 
density at this interface changes only 50 % at the most, as shown in figure 4.14(c). 
As expected, the regions under the current collector's ribs are the most affected due 
to the oxygen diffusion and water removal. This analysis shows how important it is to 
keep the GDL porosity as high as possible. The benefits of high porosity are analyt-
ically favourable. However, high porosities have a negative effect known as "contact 
resistance". Contact resistances occur at all the material interfaces in a REM fuel cell. 
Their loss in terms of electrical power is usually small, their contribution barely affects 
the overall fuel cell performance. The most important of these losses takes place at 
the interface between the GDL and the current collectors, and it becomes larger as 
the GDL porosity increases. The magnitude of this loss depends on the material, the 
surface preparation and the mechanical pressure imposed on the REM fuel cell stack. 
This however could not be implemented in the model presented in this thesis, because 
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its computational procedure involves a fixed potential boundary condition at these land 
areas, as explained earlier in 3.9.1. Nevertheless it can be stated that a high porosity 
would produce larger currents and would increase the contact resistance. A judicious 
choice between these two parameters should provide the GDL porosity that would fit 
best a given PEM fuel cell system. 
4.3 Stoichiometry ratio analysis 
The inlet velocities of the gas mixtures in this model are given as a function of the stoi-
chiometry ratio, the total current produced and the cross-sectional area of the channels, 
given in equation 3.23 in chapter 3. The stoichiometry ratio determines the amount of 
fuel needed to produce a certain power. It is customary among fuel cell experiments to 
use stoichiometry ratios of more than two and recycle the unused fuel. The base case 
model presented in this thesis works with a stoichiometry ratio of two for the hydrogen 
supply. 
In this analysis the stoichiometry ratio was changed to three and four for both anode and 
cathode to see how this affects the overall performance of the fuel cell. Equation 3.23 
would suggest that an increase in the stoichiometry ratio would only increase the inlet 
velocity. By increasing in the stoichiometry ratio, the mass fraction of oxygen in the 
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catalyst layer becomes greater. This in turn, extends the current density span. However, 
this extension becomes smaller as the the stoichiometry ratio increases. As shown in 
figure 4.15 the gain in limiting current density from an increase in the stoichiometry 
ratio from three to four is hardly half of that shown for a stoichiometry change from 
two to three. A further change to a stoichiometry ratio of five would only have a slight 
increase in the current density. This shows that there is an optimum stoichiometry ratio 
for any given PEM fuel cell. 
Figure 4.16 shows how the stoichiometry ratio affects the distribution of the current den-
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sity. Similar to figure 4.14, the figures presented here in 4.16 are "normal to Y" planes 
that correspond to the CCL/PEM interface. Figure 4.16(a) shows how a stoichiometry 
ratio of two changes the local current density distribution at the CCL/PEM interface 
up to 80 % (maximum to minimum ratio). As expected, higher current densities are 
located close to the inlet boundary region of the cell whereas the lower currents are 
found near the outlet boundary below the current collectors. Figure 4.16(c) however, 
shows how a stoichiometry ratio of four improves the local current density distribution 
by about twice as much as that given with a stoichiometry ratio of two. The difference 
between maximum and minimum currents is only about 40 % in this case. This demon-
strates how an increase in the stoichiometry ratio leads to an increase in the maximum 
local current density. 
Increasing the stoichiometry ratios has an effect on the distribution of water concentra-
tion in the PEM. At a regular operation voltage ~ 0.7 V, the water content distribution 
in the ionomer is shown for three stoichiometry ratios in figure 4.17. At ^ = 2, fig-
ure 4.17(a), the distribution of the water content in the membrane is more uniform along 
and across the PEM, than the other 2 cases. At an ^ = 4, figure 4.17(c), the difference 
between the anode and the cathode side is much clearer, suggesting that very high 
stoichiometry ratios lead to water starvation problems, according to Kulikovsky (47). 
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4.4 Pressure analysis 
In the base case presented in this thesis, atmospheric pressure is taken as a default 
operation parameter. In this analysis the pressure is deliberately changed to two and 
three atmospheres to see how this bears upon the model's performance. Changes in 
pressure affect the model in the following ways: 
• The composition of the inlet gas mixtures is determined by the relative humidity 
level requirements. This necessity is very much pressure dependent according to 
relation 3.47 given in chapter 3. 
• Pressure changes have an effect on gas diffusion as the binary diffusion coeffi-
cients are pressure and temperature dependent according to equation 3.12 given 
in chapter 3. 
• Furthermore, pressure changes affect the Nernst equation and as a result the 
reversible cell potential changes according to equation 2.37 in chapter 2. 
In the model presented in this thesis the composition of the inlet gas mixtures have a 
100 %R.H., regardless of the given pressure. This is illustrated in figure 4.2 for one, 
two and three atmospheres. It can be seen that as the temperature increases there is 
a reduction in the oxygen mass fraction and an increment in the water vapour. The 
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Table 4.3: Air inlet mass fractions and lower heating value reversible potentials for PEM fuel 
cells at 1, 2 and 3 aim 
Pressure YQ^  YHIO Erev,ihv 
1 atm 0.1507 0.3534 1.17602 
2atm 0.1957 0.1597 1.18405 
3 atm 0.21 0.1031 1.18787 
resulting inlet gas mass fractions for the different pressures used in this analysis are 
listed in table 4.3 
Table 4.3 also lists the lower heating values of reversible PEM fuel cell potentials for 
the given pressures. In this thesis it is assumed that the reversible potential of the cell 
at 1 atm is equal to 1.176 V, given by equation 2.37 in chapter 2. The differences 
in these reversible potentials are reflected in figure 4.18, at the top left corner of the 
graph. It can be seen that unlike the previous analyses this one has a slightly different 
initial potential for each curve. 
Figure 4.18 also reflects the benefits of an enhanced oxygen diffusion. This analysis 
shows that an increment from one to two atmospheres in pressure could improve up 
to 20 % the performance on the fuel cell at high current densities. This improvement 
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Figure 4.18: Pressure analyses at 1, 2 and 3 atm 
shows a similar trend as that one showed in the stoichiometry analysis. It can be seen 
that the increase in performance from two to three atmospheres is less than half of that 
produced by a change from one to two atmospheres. Once more, this also indicates 
that an optimum pressure value could be achieved for any given PEM fuel cell system. 
This is yet another important parameter to be taken into consideration when designing 
PEM fuel cell stacks. 
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4.5 Chapter closure 
The geometric and operational parameters of a base case model were presented at the 
beginning of this chapter. Each parameter used in this model was explained and jus-
tified. A comparison of the model's performance showed good agreement with some 
other experimental and numerical models (figure 4.1). Some illustrations of the model 
operating at different conditions (figures 4.4 and 4.5) showed how the reactants dis-
tribute throughout the cell. Similarly, it was shown how the current density changes 
across the CCL (figure 4.7). Some parametric analyses followed this introduction of the 
base case model. In each of these analyses one parameter was changed at a time. 
In the first analysis three different porosities were studied, it was shown how the shadow 
effect of the bipolar plates reduces the porosity. When the porosity increases more oxy-
gen reaches the catalyst layer and this increases the performance. 
The next analysis showed how an increase of the stoichiometry ratio from 2 to 3 in-
creased considerably the "limiting current density". However, the change of the stoi-
chiometry ratio from three to four did not show such a big difference. 
The following analysis, showed how an increase in pressure enhances the cell perfor-
mance. Similar to the stoichiometry analysis a change from 1 to 2 aim. had a marked 
improvement whereas a change from 2 to 3 atm improved just slightly. 
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5 Finite element stress analysis 
Some of the most important functions of the PEM fuel cell model presented in chap-
ters 3 and 4 take place in the PEM. As described in section 3.6, chapter 3, the membrane 
is the medium in which dissolved water and protons are transported. At the same time 
PEMs act as electric insulators and a gas barriers to prevent mixing of oxygen and 
hydrogen. Any discontinuity of the PEM can compromise the performance of the cell. 
PEM's limited durability has not been fully understood and remains an open research 
subject. Some publications suggest that a possible cause can be attributed to mechani-
cal failures that result in gradual reduction of voltage over time (95), (28), (49), (80), (51). 
In normal operational conditions PEMs are subject to variations in temperature and hy-
dration. The material responds to these changes by swelling and this induce mechanical 
stresses and strains to the membrane. Depending on the operational conditions these 
hygro-thermal cycles could lead to mechanical failures (80). 
In chapters 3 and 4 a CFD program was used to calculate the transport processes of 
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charge and fluids in a PEM fuel cell model. Local variation of temperature and scalar 
concentrations were calculated as a result of an implemented electrochemical model. 
The analysis presented in this chapter is not concerned with the heat transfer or the 
transport processes of species but rather with the mechanical integrity of the materials. 
This new analysis constitutes only the bulk PEM presented in previous chapters and 
is devoted solely to the study of the solid mechanics of this material under different 
operational conditions. 
This analysis uses a different program, a commercial Finite Element (FE) solver Abaqus 
(Abaqus U.K. Ltd.) designed to model the behaviour of solids by applied external 
loading. Similar to Star CD, Abaqus also consists of multiple, linked discrete elements 
in a computational domain. Equations of equilibrium, in conjuction with constitutive 
relations are applied to each element, and a system of simultaneous equations is con-
structed. These equations are then solved by a linear equation solver, which returns the 
updated values of a variable. The major difference between both programs is that Star 
CD uses a specially designed finite volume discretization method to solve fluid dynam-
ics problems, whereas Abaqus uses a specifically designed finite element discretization 
method to determine stresses and displacements in solids.® 
®Please note that any of the two discretization methods could be used to solve either fluid or 
solid mechanics problems 
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5.1 Computational domain 
The stress model is shown in figure 5.1, it constitutes the bulk PEM of the CFD model 
presented in chapters 3 and 4. Both computational domains have the same shape and 
dimensions. It contains 2880 second order, hexahedral, brick type cells elements and 
1176 boundary elements. The computational domain has a rectangular shape with a 
length of 10 mm and a height of 0.5 mm and a width of 90 ^xm. The cathode side of 
the cell corresponds to the upper part of the model and the anode to the lower part of 
it. This is how all the results in this chapter will be displayed 
5.2 Finite element model 
I 
The Stress model presented in this ^apter assumes that the material properties of the 
PEM are isotropic and homogeneous and can only have a linear elastic behaviour. 
V\^ th in the context of linearity it is assumed that the total strain tensor of the PEM, 
ojij, is equal to 
UJij = UJT,ij + (5.1) 
where, UT and UH are the temperature and hydration induced strains, respectively. 
The thermal strains resulting from a change in temperature from an unconstrained 
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Figure 5.1: Stress model's computational domain 
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isotropic volume are given by equation 5.2 
^T,ij = n (T — To) Sij (5.2) 
where 11 is the thermal expansion coefficient given in (m m~^) K~^, or strain • K~^, 
To is a reference temperature and 5ij the Kronecker delta. Similarly, the strains caused 
by a change in hydration are given by 
= S {WPH20 — WPH20,O) ^ ij (5.3) 
where E is the hydration expansion coefficient given in (m m"^) {WPH2O)~^ or strain-
{WPH2O)~^ where WPH^O refer to the percentage of water by weight, that is, the ratio 
of a dry membrane and a hydrated one in terms of weight. 
W P „ , o = (5.4) 
^ P EM,hydrated 
where W is given in kg. Technically, the hydration expansion coefficient is defined as 
the relative change in length per 1 % weight gain (81). 
The temperature distribution and dissolved water concentrations in the bulk PEM cal-
culated in the CFD model presented in chapters 3 and 4 were used in this model as 
thermal and hydration loads, respectively. The information at cell centroids from the 
CFD model was interpolated to the cell nodes of the stress model. Then, using Abaqus, 
the thermal and hydration stresses derived from these loads were calculated. 
147 
Hooke's law together with equations 5.1 to 5.3 give the hygrothermal constitutive equa-
tion for a PEM, according to Tang et al. (81) 
u)ij = —Q—'di j — Q^ i j ' ^kk + n A T ^ i j + ^ A W P S i j (6.5) 
where 6 is the Young's modulus, tt the Poisson's ratio, and the stress ''dkk defined as 
= ^11 + ^22 + 1)33 (5.6) 
5.3 Material properties 
In 2006 Tang et al. (80) made a series of tensile tests on PEMs and measured the 
variation of the Young's modulus of the membranes as a function of temperature and 
relative humidity. Their experiments concluded that the Young's modulus of the mem-
brane decreases as humidity and temperature increase. For a 90 % R.H. the PEM 
Young's modulus changes from 63 to 46 MPa from 338 and 358 K. In the model 
presented in this thesis the temperature variation range is quite small, ~ 5 A' difference 
between the initial and the operating temperature in the most extreme case. The varia-
tion in humidity is small as well, partly due to the assumption of single phase calculation 
of the CFD model and partly due to the assumption of fully humidified gas mixtures at 
the inlet boundaries. Hence, the Young's modulus used in this model is constant and 
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Table 5.1: FE material properties & dimensions 
Parameter Symbol Value Unit 
Model length - 10 mm 
Model height - 0.5 mm 
Model width - 90 FXM 
REM density PPEM 2000 kg m~^ 
Thermal expansion coefficient n 123 1 X 10-6 ( K ) - ^ 
Hydration expansion coefficient 2 2300 1 X 10 - 6 { W P H , O ) ~ ' 
Young's modulus 0 46 MPa 
Poisson's ratio TT 0.25 -
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equal to 46 which corresponds to that reported by Kusoglu et al. (51), Kim et al. (45) 
and Tang et al. (80) for membranes at ~ 358 K, 1 aim and ~ 90 % R.H.. 
The hydration expansion coefficient of this model is also constant equal to 2300, same 
as that reported by Tang et al. (81). The thermal expansion coefficient of the PEM is 
equal to 123, same as that reported by Kusoglu et al. (51). 
5.4 Boundary conditions 
A schematic drawing of the FE PEM fuel cell model is displayed in figure 5.2, the 
boundary conditions are highlighted in blue. The figures 5.2(a) and 5.2(b) on the bottom 
right represent the Z-Y and X-Y planes of the model, respectively, here the boundary 
conditions are once again illustrated in blue. These new set of boundary conditions were 
chosen to simulate the clamping of the stack imposed by the bipolar plate ribs on the 
GDLs and MEAs. In the model presented in this chapter only the PEM is considered so 
the boundary conditions corresponds with what a single membrane in a PEM fuel cell 
stack would experience. The clamping method and the boundary conditions presented 
here are similar to those presented by Kusoglu et al. (51) and Tang et al. (81). There 
is an imposed fixed displacement on half of the model's domain corresponding to the 
land areas were the aligned bipolar plate ribs exerts its clamping force. In this model 
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(a) Z-Y plane 
Figure 5.2: Stress model's boundary conditions 
(b) X-Y plane 
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the effect of the GDLs restricting the expansion of the membrane in a direction normal 
to its plane was neglected as the out of plane stiffness of the GDL was considered to 
be small and to have an elastic deformation for all load cases. 
5.5 Load cases 
As mentioned earlier, the temperature and water distribution calculated in the CFD PEM 
fuel cell model presented in chapters 3 and 4 is used in this stress model as boundary 
conditions in the form of thermal and hydration loads. The information calculated at 
the nodes of the PEM computational domain were interpolated to this model and used 
as loads. 
The model was loaded to represent two different conditions, first of all to determine 
the stresses due thermal expansion, and then to determine the stresses due to the 
hydration swelling. As there is no facility to calculate the swelling due to hydration 
directly using Abaqus, an indirect method was derived by R. Clague (Imperial College, 
Mechanical Engineering Department, Thermofluids section) whereby the hydration field 
was converted to an equivalent temperature field according to the relationship given in 
equation 5.7, and then the stresses calculated in the same way as the thermo-mechanical 
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case. 
wg = 2 X WPH20 = n X Teg (5.7) 
where u represents strain, S the hydration expansion coefficient, WPH20 represents 
hydration, or percentage of water by weight (explained previously in section 5.2), H the 
thermal expansion coefficient and Tgq an equivalent temperature. 
n ensures that when the temperature field is applied the correct thermal strain is 
calculated, that is: 
Ut = H X T (5.8) 
S units are WP^^Q' the strain derived from hydration and swelling can be calculated 
using equation 5.9 according to (81); 
u h = E x WPH^O (5.9) 
Then it is possible to say that 
a;H = n X X WPhsO^ (5.10) 
Which is how equation 5.7 was derived. 
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5.6 Results 
5.6.1 Stresses derived by hydration 
Figures 5.3 show the absorbed water distribution in the PEM. These are shown in 
five cross sectional planes along the length of the channel of the model presented in 
previous chapters. The anode side of the cell would have lied beneath these figures and 
the cathode side on top of them. As mentioned earlier the amount of water calculated 
in the ionomer of the CFD model was interpolated in to this stress model. The identical 
node positions on both computational domains allowed a data exchange between both 
models. An indirect method presented in the previous section was used to determine 
the stresses and strains derived by a hydration load. 
The cross sectional planes shown in figure 5.4 show the maximum principal stresses 
in the PEM due to hydration at different current densities and potentials. The cross 
sectional planes shown in figure 5.5 lie at a region close to the inlet boundaries of the 
CFD model. This is where the maximum stresses and strains were always found. By 
looking closely at these figures, one can also note a displacement due to the swelling 
of the material in the Y direction were the model is not constrained. In the model 
presented in this thesis, this displacement reaches ~ 6 % of the total thickness of the 
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Figure 5.3: Water concentrations in the PEM at different current densities and potentials 
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Figure 5.4: Maximum principal stresses in the PEM due to hydration at different current 
densities and potentials 
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membrane. 
The negative figures in the legends show how the stresses due to compression are more 
important than the tensile stresses (positive figures) in all cases. Compression always 
reach a maximum at the edge of constraint boundary, i.e. at the edge of the bipolar 
plate ribs, specially close to the inlet region, which corresponds whith the measurements 
performed by Kundu et al. (50). Weber & Newman (95) reported that a constrained 
membrane could affect the water transport in the polymer phase by diminishing its flow 
by up to four times. Physically, it is considered that a swollen membrane has a better 
water conductivity than a constrained one. 
It can be seen that at Eceii ~ 0.35 V and i % 0.75 A cm~'^, figures 5.5(c) and 5.4(c), 
show a lower stress range than the ones measured at Eceii ~ 0.6 V and i % 0.4 A 
figures 5.5(b) and 5.4(b). This is becuase at Eceii ~ 0.35 V and i % 0.75 Acm~'^ there 
is less water absorbed in the membrane than at Eceii ~ 0.6 V and i % 0.4 A CWT'^ 
as it is shown in figures 5.3(b) and 5.3(c). The water content of the PEM at Ef^u % 
0.8 V and i % 0.01 A cm"^ in figure 5.3(a) is more uniform than the one shown in 
figure 5.3(c). And even though the maximum water content of the PEM was measured 
at Eceii ~ 0.35 V and i % 0.75 A cm"'^ the minimum "total" water content in the 
membrane was also measured in this case. 
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Figure 5.6: Temperature distribution in the PEM at different current densities and potentials 
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Figure 5.7; Maximum principal stresses in the PEM due to temperature change at different 
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Figure 5.8: Max imum principal stresses in the PEM due to tempe?ture change at different 
current densities and potentials 
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5.6.2 Stresses derived by temperature change 
The temperature field calculated by the CFD model is showed in figure 5.6 for three 
different potentials. These figures show how the temperature can increase by up to five 
degrees at the given potentials. Figure 5.7 shows the maximum principal stresses due 
to temperature changes in the cell. As explained earlier in chapter 3, in section 3.6.3 
the major heat source in a PEM fuel cell comes from the entropy change of the oxygen 
reduction reaction. That is why it is always the top part (cathode) of figure 5.7 is 
slightly warmer than the bottom (anode). 
In addition to the heat derived by the entropy change, the ohmic heat generated inside 
the polymer phase due to ionic charge also contributes to the overall fuel cell heating. 
The glass transition temperature of nafion was reported to be ~ 392 K according to 
Uan-Zo-li (85), who performed her experiments on new hydrated PEMs. The maximum 
temperature reached in the model presented in this thesis ~ 358 K. In terms of stresses 
however, the size of the thermal stresses derived by a temperature change is only about 
one fifth of those produced by hydration, regardless of the current density at which 
they operate. In this case, unlike the stresses due to hydration, the stresses due to 
temperature change increased gradually as the current density incresed. This is becuase 
the temperatures measured in the CFD model always increase along with the current 
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densities. The maximum stress derived from a temperature change reached ~ 1.17 
MPa whereas the maximum stress measured from the hydration case reached ~ 5.81 
MPa. This simple analysis shows how important the hygro-mechanical stresses are for 
PEM fuel cell design. 
The cross sectional planes shown in figures 5.9 and 5.10 show the total maximum 
principal stress in the PEM due to hydration and temperature change. By superimposing 
the stresses due to hydration and temperature change, the resultant stress would add 
up to an average Von Mises stress of ~ 6 MPa (see figure 5.11), which is in good 
agreement with the results presented by Kusoglu et al. (51) in their numerical model. 
Their model simulates a hygrothermal cycle of a PEM fuel cell running from STP 
conditions to different hydrations and temperature levels. In their calculations the Von 
Mises stresses reached the compressive yield strength at almost half the hygrothermal 
cycle at around ~ 5.5 MPa for all their cases, including the one where their model is 
hydrated from STP conditions to 100 % R.H. and 358.15 K. 
The maximum stress was measured at Eceii ~ 0.6 V and i OA A cm~'^, it was 
due to compression and equal to 7.02 MPa, as shown in figure 5.10(b). The stresses 
measured in the FE model showed that bigger stresses were reached i R) 0.4 A cm~^ 
than at Eceii ~ 0.35 V and i % 0.75 A cm~^ because of the lower water content of 
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Figure 5.9: Maximum principal stresses in the PEM due to tempeature and hydration change 
at different current densities and potentials 
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Figure 5.10: Maximum principal stresses in the PEM due to temperature and hydration change 
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Figure 5.11: Von Mises stresses [Pa] in the PEM due to temperature and hydartion change 
at different current densities and potentials 
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the PEM. According to manufacturers (20), soaked nafion membranes have a tensile 
strength of ~ 13 MPa, Tang et al. (80) reported a ~ 11 MPa break stress. This 
means that everytime PEMs are humidified their structures experience tensile stresses 
that are half the size of their limit. Furthermore the compressive yield strength is always 
reached. Over a certain period of time, these alternating stresses could lead to fatigue 
problems and material failure. 
5.7 Chapter closure 
In the finite element stress analysis, the maximum principal stresses due to hydration 
and temperature were presented. The CFD results presented in this chapter were in-
terpolated onto a FE model and using a FE solver the thermal and hydration stresses 
derived from these loads were calculated. The results show how important the hydration 
stresses are in comparison to those derived from the non-uniform temperature field. 
A copy of the bulk PEM of the CFD model was exported into Abaqus (see figure 5.1). 
Both computational domains have the same shape and dimensions. Some new mate-
rial properties, necessary for stress calculations, were assigned to this new model (see 
table 5.1). A new set of boundary conditions were defined to simulate the clamping of 
the bipolar plates (see figure 5.2). Temperature and hydration results from the CFD 
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analysis were used in this model as thermal loads. A specific procedure to model the 
hydration loads in terms of temperature was implemented. The maximum principal 
stresses derived from these loads were then calculated separately. Then the loads were 
superimposed to show the total stresses due to temperature and hydration. Results 
show that at this conditions, the yield strength is always reached regardless of the 
current density at which the fuel cell operates. 
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6 Discussions 
This chapter is devoted to comment on the analyses performed in chapters 4 and 5. 
Opinions and suggestions are also added to the following discussions. 
The model presented in this thesis used dimensions and physical data partly taken from 
manufacturers and partly from other models in the literature. An introductory discus-
sion on dimensional parameters will lead the way to a broader perspective on PEM fuel 
cells covering the analyses performed in the previous chapter. 
It is well known that some dimensions may compromise the performance of the cell. 
For instance when choosing the channel dimensions, the designer has to judge the total 
output power that would be generated. Part of this power would be needed to pump 
the air and fuel into the cell, and recirculate the disused fuel. Depending on the di-
mensions of the channel the pressure drop of the inlet gases may become significant 
as well. In addition, the designer has to take into account the required mass flux. An 
optimum stoichiometry ratio is needed to decide which blower would best fit a given 
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PEM fuel cell system. Section 4.3 in chapter 4 showed how a stoichiometry ratio of 
three increased the current density over a stoichiometry ratio of two, providing greater 
power. However a stoichiometry ratio of four did not improve the current density as 
much as the stoichiometry change from two to three. Further, this change only just 
improved the current density by a small degree. In terms of power, it was found that it 
is inconvenient to increase the stoichiometry ratio above three, as the benefits of this 
additional flow would produce only enough power provide the extra requirement of the 
blower. It can be concluded that a stoichiometry ratio of three would suit a PEM fuel 
cell system that works with similar conditions as the base case model presented in this 
thesis. 
Another important dimensional parameter is the length of the land area in between 
channels. It has been demonstrated how, for all of the analyses, the region under these 
land areas was the most critical. Lower diffusivities, poor current distributions and re-
duced porosities all affect the overall transport of species under these current collector 
ribs. At first glance it would seem favourable to narrow the thicknesses of the current 
collectors. In practice however, good electrical contact between the GDL and the bipolar 
plates needs to prevail in order to avoid bigger ohmic losses. The electrical overpoten-
tials at current densities below ^ 0.5 A cm~^ in all cases had a similar trend, growing 
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linearly with increasing current density from 0 — ~ 0.15 V with almost the same slope. 
Above this current density range, the lowest electrical overpotential recorded was given 
by the 70 % porosity case. On the understanding that higher current densities would 
produce higher electrical overpotential losses, a 40 % porosity would have given a 1.2 
V loss at 0.8 A cm~^ whereas the 70 % porosity case reported only 0.8 V at this 
same current. No major electrical overpotential differences were found when changing 
the stoichiometry ratio or the operating pressures, except for the changes in reversible 
potential with the variation of the operating pressures. These two case studies produced 
similar trends in terms of electrical overpotentials regardless of their parametric changes. 
The biggest changes were perceived with the porosity analysis. Once again the biggest 
losses were attributed to low porosities. It has been said that this model neglects the 
contact resistance between the GDL and the bipolar plate; nevertheless channels and 
current collector ribs had the same thicknesses. A careful judgement of the size of 
the potential losses between the contact resistance and the electrical overpotential is 
required to determine the width of the bipolar plate ribs. 
With respect to the GDL porosity analysis, it was found that a bigger current density 
could be achieved when using high porosities. It was shown how the porosity of the 
GDL is reduced under the regions of the current collectors, giving a 15 % lower effective 
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porosity. Figure 4.1 demonstrated how porosities of around 60 % can extend the fuel 
cell's limiting current density as much as one third for a given potential. It was also 
reported that the oxygen concentration in the CCL for a 40 % porosity is about two 
thirds of that obtained with the 70 % porosity. Furthermore the 40 % porosity case 
gave depleted oxygen zones under the land areas close to the outlet boundary. On the 
other hand the 70 % porosity case produced a better current density distribution and 
it allowed a better transport for reactants and products. Once again this provides a 
difficult decision for REM fuel cell designers: on the one hand, enjoy the benefits of an 
extended current density limit with a high porosity and on the other hand reduce the 
contact resistance losses by using lower porosities. It is the relative size of these two 
losses that indicates which GDL porosity should be used. 
The most remarkable improvement on the overall performance of the cell was the in-
crease in operational pressure. As stated all parameters, except operating pressure, 
remained the same as the base case model, including the the relative humidity. The 
enhancement of the species transport allow an outstanding current density limit exten-
sion. The computational model took Jonger i^rations to reach convergence at % % 
1.2 A cm~'^ with the 1 atm case than with the 2 and 3 aim cases. The handling of 
the model at atmospheric conditions was not easy at this current density because of 
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Figure 6.1: Oxygen mass fraction in the CCL against current density 
the oxygen's limited availability. And this is not difficult to understand by looking at 
figure 6.1. It shows how even at high current densities the oxygen concentration in the 
CCL in the 3 atm case has only been reduced by half of its initial concentration. This 
means that it can extend the current density limit significantly further than the 1 or 2 
atm cases. Designers are well aware of this fact and fuel cell systems that operate at 
high pressure are becoming more common as time goes by. It can be said that it is 
undoubtedly beneficial to work with an operational pressure of at least two atmospheres 
as the favourable effects of an increase in pressure are perceived even at low current 
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densities. Of course, the total power output must give enough extra power to maintain 
the system at a higher pressure. 
Perhaps the most revealing analysis presented in this thesis was the finite element stress 
analysis. Although being a simplistic approach it demonstrated how the PEM stresses 
due to hydration and temperature changes, affect its structure by increasing the stress 
levels to the more than half of the tensile strength at ordinary power densities. Further, 
all the cases presented in this thesis surpassed PEM's yield strength reported by Tang 
et al. (80). This can possibly lead to other mechanical problems with time, such as 
fatigue and delamination. 
Hydration proved to be the most significant threat to the mechanical integrity of the 
PEM. The stresses due to hydration were up to ~ 5 times bigger than those derived from 
a non^uniform temperature field. Therefore hydration cycles and differential swelling 
would affect the regular life of a functional PEM fuel cell system. 
Weber & Newman (95) discuss about how the swelling of the membrane improves the 
water transport in the polymer phase. The clamping of the stack would not allow the 
PEM to expand and the constrained membrane would slow the water transport process. 
Although this effect was not modelled, the displacements of the PEM due to hydration 
and temperature were clearly shown in figures 5.5 and 5.8. The maximum displacement 
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measured in the Y direction (where the model was not constrained) was ~ 6 % of the 
total thickness of the membrane. The swelling of the membrane was mainly due to 
hydration because this maximum displacement was measured at Eceii ~ 0.6 V and i % 
0.4 Acm~'^, which is the case with the highest water content in the membrane. This 
expansion could lead to other sorts of problems, such as impaired contact resistance and 
delamination. It was also mentioned that every time the PEM is hydrated it reaches 
half its tensile strength limit, it is clear that fatigue would eventually affect the polymer 
structure, probably leading to mechanical failure. These mechanical features would be 
detrimental in time and could affect the durability of the system. 
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7 Conclusions 
7.1 Summary 
This thesis begins with an introduction to numerical modelling of PEM fuel cells. Some 
of the literature cited in the thesis was reviewed in chapter 1. It continues with an intro-
duction to PEM material properties followed by some basic theory on thermodynamics 
and electrochemistry. With the understanding of chapter 2, the computer model used 
in this theis was introduced. Its boundary conditions and its transport processes were 
explained thoroughly in chapter 3. Section 3.6.1 in this chapter explains how the water 
in the polymer phase and proton conductivity was calculated in a "detached domain", 
by a special procedure coupling the cells between subdomains. The electrochemistry 
model and its solution procedure was also given in chapter 3 showing how the cell 
potential was calculated. A base case model was then introduced in chapter 4. All 
its operational and geometric parameters were given at the beginning of the chapter, 
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followed by a detailed analysis on its performances. It was shown how it behaved under 
different operational conditions and compared with some other numerical and experi-
mental models. This chapter continued with a parametric analysis. The effects of GDL 
porosity, the inlet stoichiometry ratio of the gases and the operating pressure were some 
of the physical phenomena studied in chapter 4. In chapter 5, some CFD hydration 
and temperature distributions from the model's bulk PEM were extrapolated onto a 
FE stress model. The stresses arising from these loads were then calculated by a finite 
element solver. 
7.2 Contributions 
The finite element analysis performed on this thesis was at the main initial objective of 
this PhD three years ago. It ended up being an additional analysis to a more complex 
than expected model. However to the author's knowledge this type of analysis has never 
been done before under the same circumstances. Different approaches lead the way to 
this analysis, Weber & Newman (95) and Tang et al. (81) already cited in chapter 5 
deserve most of the credit as this is only a continuation of their works. In brief, it 
reveals the importance of the mechanical integrity of the PEM and how it could hinder 
or enhance the water transport in the polymer phase. It also raises questions about the 
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durability and strength of the MEA materials and hence of the overall system. 
7.3 Suggestions for future work 
The author recommends that if a researcher is interested in modelling just a particu-
lar issue of PEM fuel cells she or he should start from a functional model. It is, in 
the author's opinion, a better option to start working from an existing code or from a 
major set of assumptions than to try implementing a whole comprehensive model from 
scratch. It is a time consuming process and PhDs cannot afford this. 
Probably the most problematic issue when modelling PEM fuel cells is trying to imple-
ment their multi-phase nature. The present work is a single-phase analysis and one can 
conclude that only two-phase models can accurately predict GDL floodings. 
The importance of the bottom layer of the CCL has been mentioned. It was reported 
that at high current densities most of the catalytic activity in the cathode takes place 
in this very thin region, leaving almost 80 % of the CCL providing only about 10 % of 
the total electronic current production. This is a revealing fact that could be improved, 
in the author's opinion, with a thinner and more dense CCL. It is understood that the 
CCL is probably the most studied region of PEM fuel cells but only a few modellers 
have predicted partial activity across the CCL. These models have shown how much of 
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the CCL is wasted at high current densities, a revealing fact that has not been improved 
on and that needs further study. 
In terms of the mechanical integrity of the REM or MEA only a coupled analysis be-
tween a CFD and a stress analysis could predict the material damage by hydration and 
temperature change. A coupled exchange of data could update the parameters on an 
iteration basis. For instance, a swollen membrane would expand the porosity of the 
catalyst layer, restricting less the transport of the water in the membrane. This in turn 
would change the proton diffusion coefficient and the heat exchange and this would 
again produce different stresses; and so on. Such a coupled model could be extended 
towards a durability numerical analysis on a REM fuel cell. A challenging task, that 
according to the author's knowledge has never been performed, is to develop a reliable 
durability model. This could revolutionise the REM fuel cell industry. 
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A Multi-component diffusion 
In a binary gas mixture, the rate of mass diffusion of a chemical species in a stagnant 
medium is proportional to the concentration gradient. This linear relationship between 
the rate of diffusion and the concentration gradient is given by Pick's law (Eq. A.l): 
BY 
where p the density, the mass fraction of species m and fm,j the diffusional mass 
flux normal to the direction of mass transfer, given in [kg The coefficient of 
proportionality, Dmn known as the mass diffusivity or the binary diffusion coefficient, 
given in [m^ s~^]. Because of the complex nature of mass diffusion, the diffusion 
coefficients are usually determined experimentally. The kinetic theory of gases indicates 
that binary diffusion coefficients tend to increase with temperature while decreasing with 
pressure. Cussler (17) suggested an empirical relation to estimate these coefficients: 
Dmn = Dmn,ref-^ ( 7 ^ ) (A.2) 
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Table A. l : Binary diffusion coefficients for different gas pairs 
Gas pair Tref [K] A , > e / [ f ] 7 H 
O2 N2 293.15 2.02 X 10"® 1.728 
O2 H2O 293.15 2.44 x lO'S 1.967 
N2 H2O 293.15 2.42 x lO'S 2.073 
H2 H2O 293.15 9.27 x lO'S ~ 2 
Bang (2) took reference diffusion coefficients at reference temperatures, given by 
Mills (64) and correlated 7 in Eq. A.2 by minimising the error between the data points. 
The results are given in table A.l . 
When only a binary mixture is considered, diffusion can be expressed via Pick's law 
(Eq. A. l) , and the generic convection-diffusion equation solved by Star CD becomes: 
d (^pUjYfYi + fm,j) — (A.3) 
where Sm is the rate of mass production of species m and represents Pick's law for 
binary diffusion. 
In a mixture with N components, the diffusive flux of species i depends on the con-
centration gradients of the other N — 1 components. The relation is expressed by the 
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Stefan Maxwell equation, (Eq. A.4) 
N-i Y V 
vy,„ = Y1 - "n) 
n=l -^mn 
(A.4) 
where z/^ is the diffusion velocity vector of species m. 
This relation, however, has proven difficult to implement in most conventional CFD 
codes because it does not match the generic convection-diffusion equation (Eq. A.3). 
d 
(P^j^rn + frnj) — (VU5) 
Due to the operational range of conditions in which PEM fuel cells operate, it is possible 
to use alternative methods to calculate the effective diffusion coefficients. Mills (64) 
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suggested a relation based on a mixture rule that proves applicable to PEM fuel cells 
gas mixtures (2) given by Eq. A.6 
1 — Xm. 
D„ N 
E 
(A.6) 
n=\\n^m 
Bang (2) extracted two data sets for air, 79 % nitrogen and 21 % oxygen, and a 
third diluted species ® to validate the relation given by Eq. A.6. Experimental binary 
diffusion coefficients for air and water vapour and for air and hydrogen are plotted 
against this model's approximate relationship in figures A. l and A.2. These figures 
^Data taken from (64) and (59) 
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show good agreement between the approximate model and the reference data for the 
gases and temperature ranges used in a PEM fuel cell. An analysis on the binary 
diffusion coefficient for oxygen in humid air, Do2,air< is conducted in Chapter 3. 
Consequently this PEM fuel cell model assumes that the diffusion coefficients for ternary 
mixtures can be calculated with the 'mixture rule' suggested by Mills. 
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